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Abstract
The importance of proving the viability of interstellar transport and addressing its
potential hazards and pitfalls is immense. If we do not look toward the future and examine what
could be waiting for us, we are doing our children, our children’s children, and so on, a
disservice. Here we must attempt to lay the groundwork for our future scientists, engineers, and
adventurers. Asking and answering questions like, which propulsion and energy systems must
we incorporate to send us through the cosmos? Will we utilize technologies known today, such
as fossil fuel rockets, fission or fusion rockets, and antimatter drives (pion rockets)? Will we be
harnessing the energy of blackholes or will we utilize technologies that seem so far distant that
they are only classified as science fiction? How would we go about designing these systems -would we create them with our resources on Earth or would we mine them from other planets or
asteroids, would we create them on and launch them from Earth or would we establish a
construction site on another planet or in orbit, would we design a system now or wait 20 years
to have a new design that could overtake the design sent out prior?
As Einstein worked with Newton’s research, Newton worked with Kepler’s research,
Kepler worked with Tycho Brahe’s research, and so on and so forth, scientists are often limited
by their presence in history and time, but they can set up the scientists and engineers of the
future by starting the ground work and laying out a plan for success. Thus, many questions
result from an endeavor such as this and the least we could do for those future scientists is
grant some answers, or at least beg the question to spark greater discourse.
Here we will discuss and analyze the factors that show why fission and fusion drives will
be the most likely fuel source to guide us through the cosmos, why we will create our vessel in a
forward operating base in space, and why the station will be created with carbon-fiber
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composite materials and kevlar. We will see why 500m+ rings with rotation of at least 1.346
revolutions per minute will be used to induce artificial gravity. We will analyze how zero-g will
affect our passengers and how this could transform generations aboard our vessel. All together
we will gather the most viable construction methods and amalgamation of concepts for current
standings of interstellar travel.
We will also analyze the current standing of nuclear thermal propulsion rockets models
and how we can advance them. We will highlight the importance of creating cooling loops in
these systems and how they have to divert upwards of 7.4 megawatts of heat flux away from
our Inconel DeLaval nozzle and the beryllium reflectors. We will highlight why bigger coolant
channels in the reflector section will do greater justice to cooling the system than smaller holes
but more of them. As well, finding optimal nozzle length (0.3 m), conservative estimates for
single coolant looped systems, turbopump power requirements (11.5 kW), and pressure drops
across the vessel (20385 Pa) will be of great importance.
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Preface
“If people sat outside and looked at the stars each night, I’ll bet they’d live a lot differently.” Calvin + Hobbes

Throughout the years of human existence, we have always tried to join the stars or at
least have them close to home. The Mayans created their calendars based on the stars and the
cycles of the moon [1]. The ancient Romans named the planets after their gods (Mercury,
Venus, Mars, Jupiter, and Saturn) [3]. When many pray or acknowledge their God/s, they look
toward the heavens and the stars, as they believe above is meant for the divine. This
fascination with the stars has been ingrained into our lives from the beginning of civilization and
it seems inevitable that it will continue to be throughout our future.
Yet, as many of our science fiction shows preview, our expansion into the galaxy will
take time and effort. The Enterprise from Star Trek wasn’t built overnight and neither was the
Apollo 11. The growth and expansion of our species into a multiplanetary, interstellar, and even
intergalactic civilization is a very full plate to serve, but it all starts with the baby steps. At our
current standing (2021) we have the capability of launching reusable rockets into the outer
proximity of our Earth, but how much further can we reach? How long would that take us? How
far away is the technology to allow us to get there?
Here we get to explore the aspects of science-fiction as it transitions into the state of
science-fact. We get to analyze the viability of the fuel sources that will send us to the stars and
the engines that will propel us into the future -- as well as the vessel that will be home for the
lucky few that get to surf the cosmos. Our job here is to show that it is possible for us to get
there -- to survive the journey, after that, it is the job of others to ensure that we can survive on
the planet. It is a monumental task and a large bite to take to get us there and, of course, this
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likely won’t be the single keystroke that propels us there, but it could be the baby steps for
others to build upon -- the push on the swing -- to inch us closer to reaching that goal.
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List of Definitions
(sorted alphabetically)
●

Alpha Particle (𝞪) - A helium nucleus emitted by some radioactive substances in
radioactive decay.

●

Ammonium Perchlorate (𝑁𝐻% 𝐶𝑙𝑂% )- An inorganic compound used in solid fuel
propellant, creating combustion, for rockets.

●

Apogee - The point in the orbit of an object in which it is at its furthest from the earth.

●

Arabidopsis Thaliana - A small flowering plant, known as a weed, native to Europe,
Asia, and Africa. Used as a model organism for plant biology.

●

Astronomical Units (AU) - Unit of measurement for distance in space. (1 AU = 1.496 *
10^11 m)

●

Atmospheric Turbulence - Small-scale, irregular motion of the air and wind varying in
speed and direction.

●

Beta Particle (𝜷) - Radioactive emission of a fast electron from radioactive decay.

●

Burn Time - The amount of time an engine is activated to provide thrust.

●

Cosmos - The ordered universe as a whole.

●

Cosmic Ray - A highly energized particle traveling through space at speeds
approaching the speed of light.

●

Deuterium (𝐷2) - An isotope of hydrogen with an additional neutron.

●

Diethylenetriamine (𝑯𝑵(𝑪𝑯𝟐 𝑪𝑯𝟐 𝑵𝑯𝟐 )𝟐 ) - An organic compound that can be mixed
with dimethylhydrazine to create a liquid explosive propellant. Was used in the Juno I
rocket that launched the Apollo missions. [17]

●

Dimethylhydrazine (𝑯𝟐 𝑵𝑵(𝑪𝑯𝟑 )𝟐 ) - A chemical compound that is used in combination
with diethylenetriamine to create rocket propellant. Was used in the Juno I rocket that
launched the Apollo missions. [17]
xv

●

Einstein-Rosen Bridge - Hypothesized as a connection of large distances of
spacetime.

●

Exotic Matter - Matter that acts contrary to any known matter type and against many
known constraints of physics.

●

Fission - A nuclear process in which the nucleus of an atom is split into smaller nuclei
releasing a burst of energy. (i.e. bombarding U-235 with a neutron inducing a fission to
Krypton-92, Barium-141, and 3 neutrons releasing an energy of 170 MeV) [15]

●

Fusion - A nuclear process in which two nuclei are forced under immense pressure and
heat to fuse together to create a heavier element. (i.e. Hydrogen-1 and Hydrogen-1
fusing in the sun to produce Hydrogen-2, an electron, a neutrino, and energy) [16]

●

Galactic Cosmic Rays - Cosmic Rays traveling between galaxies.

●

Gamma Particle - Electromagnetic radiation due to radioactive decay with high
penetrating energies.

●

Hawking Radiation - Electromagnetic radiation from particle-antiparticle annihilation
emitting from black holes, postulated by Stephen Hawking.

●

Helium-3 - A stable isotope of helium with 2 protons and 1 neutron. Used in low
temperature fusion.

●

Hydyne - (60% Diethylenetriamine and 40% Dimethylhydrazine) The fuel source,
created by Rocketdyne, that was used in the Juno I rocket -- meant to be used in liquid
fuel rockets. [17]

●

Interstellar - Travel between stars.

●

Kapton - A polyimide film used in spacecraft utilities often used for insulation.

●

Kapton heaters - Kapton that is retrofitted with etched foil circuits to create versatile and
lightweight heaters.

●

Kerosene - A highly combustible derivation of petroleum used in jet fuel

xvi

●

Kugelblitz Engine - An engine utilizing man made blackhole energy made of light to
propel spacecraft.

●

Lightyear - Measure of distance that light travels in a year. (1 lightyear = 9.4607 * 10^15
m or 63,241 au)

●

Liquid Fuel - A rocket engine that utilizes liquid fuel as propellant.

●

Liquid Oxygen (𝑶𝟐 ) - The liquid form of oxygen. Used as an oxidizer in liquid fuel
rockets.

●

Melting Point/Heat Resistance - The temperature in which a given material transitions
from the solid phase to the liquid phase. Heat resistance is just a reference for the
relative melting points. (I.e. the higher the melting point of a material, the higher the heat
resistance)

●

Mylar - Heat resistant polyester resin used in plastic films and sheets.

●

Nebula - A cloud of dust and gas collected in a region of space, often presented due to
explosion and ejection of material from supernova.

●

Orbit - The path of a revolution around an object in space. (i.e. the moon orbiting the
Earth or the Earth orbiting the Sun)

●

Oxidizer - The chemical process of accepting electrons between substances (one loses
and one gains) which allows for combustion.

●

Particle Accelerators - A machine used to accelerate subatomic particles to high
velocities through electromagnetic fields.

●

Pauli Exclusion Principle - The principle that states that no two fermions can have the
same quantum number. (No two objects can maintain the exact same physical space.)

●

Peltier Effect - The effect that heat is produced when a current is flowing between two
materials.

●

Perigee - The point in the orbit of an object in which it is at its nearest to the earth.

●

Pion - Unstable, very light, subatomic particles consisting of a quark and an antiquark.
xvii

●

Plasma - Ionized gas of free, broken down, non-charged particles, typically caused by
very high temperatures.

●

Polysulfide Aluminum - Solid rocket fuel used in the Juno rockets. [18]

●

Quantum - A discrete quantity of energy proportional in magnitude to the frequency of
the radiation it represents.

●

Quantum Entanglement - The phenomenon where two particles separated by space
exhibit the exact same quantum states and are acted upon simultaneously independent
of distance (acting on one, instantaneously acts on the other). [33]

●

Radioactive Decay - A nuclear process in which an unstable atomic nucleus loses
energy through the process of radiation. Through different decays either an alpha, beta,
or gamma particle is released. [19]

●

RTG’s (radioisotope thermoelectric generator) - a nuclear battery that uses
thermocouples to convert the decay heat of a radioactive material into electricity.

●

Solar Particle Events - Solar flare or solar events whereby ejections of high energy
particles from the sun are released into the universe.

●

Solid Fuel - A rocket that utilizes fuel made from solid substances such as gunpowder
or Zinc-sulfur propellants.

●

Spacetime - the modern understanding of the combination of time and distance that
overlay the fundamentals of our universe.

●

Specific Heat - The amount of heat/energy required to raise a material’s temperature by
1° per unit mass.

●

Specific Impulse - (See List of Equations) The measurement of how effective a rocket
uses its propellant to create thrust.

●

Supernova - A star at the end of its life cycle where an explosion occurs and most of the
stars mass is ejected into the universe

xviii

●

Thermal Absorption Potential - The ability for a material to absorb the electromagnetic
radiation of a photon's energy. This allows for propulsion in solar/light sails.

●

Thermal Conductivity - The rate at which heat is transferred by conduction through a
unit cross-section area of a material.

●

Thermal Diffusivity - A measure of the rate of heat transference from the hot end to the
cold end of a material.

●

Thermal Expansion - The change of a material’s shape, area, volume, or density based
on temperature.

●

Thermal Shock - A mechanical load/stress that is caused by rapid change in
temperature that can cause sudden failure.

●

Thermal Stresses - Mechanical load/stress that is caused by any change in
temperature.

●

Thermocouple - A temperature dependent device that allows for voltage to be created
by dissimilar temperature junctions.

●

Thermo-elastic Effect - An effect that is caused when work is applied to a material in a
constant temperature environment that can add heat due to mechanical stresses.

●

Thrust - Expelling a force is one direction to apply an equal and opposite reaction in the
other direction (Newton’s third law). What propels most rockets.

●

Traversable Wormholes - Two positions of spacetime connected via a wormhole that
can be traversed by material.

●

Unicorns - A variable that cannot be understood as it is anomalous and cannot be
accounted for in a reliable fashion.

●

Vacuum - An area that is devoid of matter, left with empty space. [20]

●

Wait Calculation - The time one must wait to create a technology as the times are
limiting the progress. I.e the amount of time one must wait to create a fusion rocket + the
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distance it must travel against the distance already gained by a fossil fuel rocket sent
into space 30 years prior.
●

Wavefunction - A function in quantum mechanics that works similar to that of a wave
equation.
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List of People, Projects, and Companies of Note
(sorted alphabetically by last name and first letter of company)
●

1967 Outer Space Treaty - The broad treaty signed in 1967, by 110 states-parties, with
an additional 89 countries. The treaty states that, in a broad sense, space should be a
safe and peaceful endeavor focused on exploration and mutual assistance - no parties
can establish military bases or installations, test “any type of weapons,” or conduct
military exercises on the moon and other celestial bodies.

●

Aldrin, Buzz - American astronaut, engineer, and pilot (1930-present day).
Accompanied Neil Armstrong on the Apollo 11 mission to the moon as the lunar module
pilot. Second person in human history to step foot on the moon.

●

Armstrong, Niel - American astronaut and engineer (1930-2012). Mission commander
of the Apollo 11 mission and the first person in human history to step foot on the moon.

●

Boeing - American manufacturer and designer of aerospace crafts, satellites, and
defense options based in Seattle, Washington and Chicago, Illinois. The company that
aided in the creation of the Saturn V rocket.

●

Brahe, Tycho - Danish astronomer (1546-1601 AD). Mentor to Johannes Kepler and the
last of the naked-eye astronomers (pre-telescopic astronomers).

●

Braun, Wernher von - German aerospace engineer (1912-1977). Leading developer of
Nazi rocket design and subsequently director NASA after the war. Chief architect of the
Saturn V rocket (launched the Apollo missions). One of the greatest influences in rocket
propulsion design.

●

CERN (European Organization for Nuclear Research) - The world's largest particle
physics laboratory located in Switzerland.

●

Daedalus Project - The pulse fusion rocket theorized by the British Interplanetary
Society that could achieve .16c.
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●

Eagleworks Laboratory - The Advanced Propulsion Physics Lab at Johnson Space
Center where theoretical propulsion is tested by NASA.

●

Einstein, Albert - German-American physicist (1879-1955 AD). One of the greatest
physicists of all time and the father of relativity & contributor to quantum mechanics.
Founder of one of the two pillars of modern day physics. (relativity and quantum
mechanics)

●

Fermilab - The DOE lab in Chicago specializing in particle physics and high energy
accelerator applications.

●

Galilei, Galileo - Italian astronomer and engineer (1564-1642 AD). The “father of
observational astronomy” and the main advocate for the correction of the geocentric
understanding of the solar system towards a heliocentric understanding. Forwarded
understanding in kinematics and optics.

●

Hawking, Stephen - English physicist and cosmologist who revolutionized many ideas
of current standings of physics and astronomical phenomenon. See Hawking Radiation.

●

Inertial Confinement Fusion - Nuclear fusion projects that utilize compressing and
heating nuclear material until fusion occurs.

●

ITER (International Thermonuclear Experimental Reactor) - A large collaboration of
nations aiding in the design of the, theoretically, first net positive nuclear fusion reactor.
Set to be net positive in the next 20 years eclipsing JET by 10x as much power.

●

JET (Joint European Torus) - Magnetically confined plasma fusion reactor based in the
United Kingdom. Utilizing the mixture of tritium and deuterium it currently holds the
closest net positive fusion reaction in history.

●

JPL (Jet Propulsion Laboratories) - NASA field research area and federally funded
development center for propulsion and engineering designs for space applications. The
agency that developed the Explorer I satellite in 3 months.
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●

Kepler, Johannes - German astronomer (1571-1630 AD). Mentee to Tycho Brahe and
a great influence to both Isaac Newton for universal gravitation and Galileo Galilei for
telescopic innovation. Made great strides is orbital dynamic understanding.

●

Large Hadron Collider - Currently the world’s largest and most powerful particle
accelerator located at CERN’s accelerator complex.

●

Musk, Elon - South African/American entrepreneur and engineer (1971-present). CEO
and Chief Engineer of SpaceX. Current leader in the privatized modern day Space Race.

●

NASA (National Aeronautics and Space Administration) - Independent agency of the
U.S. government established in 1958 tasked with aeronautics and space development
and research. The agency that landed man on the moon.

●

NERVA (Nuclear Engine for Rocket Vehicle Application) - A program ran through
NASA and the AEC for nuclear thermal rockets from 1958-1973.

●

Newton, Isaac - English mathematician and astronomer (1643-1727 AD). One of the
greatest influences in modern day mathematics and astronomy. Creator of calculus and
developer of modern day Newtonian physics. Formulated laws of motion, universal
gravitation, and builder of the first reflective telescope.

●

Nye, Bill - American engineer and scientific advocate (1955-present). Starting as a
Boeing mechanical engineer, following to the host of scientific literacy show Bill Nye: the
Science Guy, and now leader of the Planetary Society.

●

The Planetary Society - American non-profit company for the advocacy of aerospace
projects and space exploration. Founded by Carl Sagan and now led by Louis Friedman,
Bill Nye, and Neil deGrasse Tyson

●

Project Orion - A theoretical nuclear pulse rocket design that explodes nuclear devices
behind the rocket propelling the ship forward.

●

Rocketdyne - American rocket design company that developed the rocket engines that
launched the Apollo 11 rocket to the moon.
xxiii

●

Sagan, Carl - American astrophysicist and scientific advocate (1934-1996). Assembler
of the messages attached to the Voyager I vessel, Harvard + Cornell professor, and
astrophysicist with a plethora of accolades.

●

SpaceX (Space Exploration Technologies Corp.) - American aerospace manufacturer
of modern day rockets founded by entrepreneur Elon Musk. Designing company of the
Crew Dragon Rocket and the Falcon 9 rockets.

●

Sputnik - The Russian satellite that launched the United State and the Soviet Union into
the Space Race in the 1950’s and 1960’s.

●

Thales of Miletus - Greek astronomer and philosopher (626-548 BC). One of the Seven
Sages of Greece and the first to predict a solar eclipse. Also utilized Ursa Minor for
celestial sea navigation.

●

Thorne, Kip - American theoretical physicist whose contributions to gravitational physics
allowed the prediction of gravitational waves.

●

Tokamak Nuclear Fusion Reactor - Russian design of a thermonuclear fusion reactor
that uses magnetic confinement to trap plasma for fusion.

●

Tyson, Neil deGrasse - American astrophysicist and scientific advocate (1958-present).
Director of the Hayden Planetarium and educator out to aid in making astronomy
accessible to all.

●

Winterberg, Friedwardt - German-American theoretical physicist who worked on
nuclear rocket propulsion designs.
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List of Equations
(sorted based chronologically on appearance in paper)
●

Wait Calculation: (if the wait calculation is positive, it would be more reasonable to use
rocket 2 - and the opposite is true.) …

𝑊5 = (𝛥𝑥/𝑣; ) − ( (𝛥𝑥/𝑣= ) + 𝛥𝑡;@= ) … (1)

𝑤ℎ𝑒𝑟𝑒: 𝛥𝑥 = 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑦𝑜𝑢𝑟 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑒𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 (𝑖𝑛 𝑙𝑖𝑔ℎ𝑡𝑦𝑒𝑎𝑟𝑠)
𝑣; = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑟𝑜𝑐𝑘𝑒𝑡 1 (𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡)
𝑣= = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑟𝑜𝑐𝑘𝑒𝑡 2 (𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡)
𝛥𝑡;@= = 𝑡𝑖𝑚𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑙𝑎𝑢𝑛𝑐ℎ 𝑜𝑓 𝑟𝑜𝑐𝑘𝑒𝑡 1 𝑡𝑜 𝑙𝑎𝑢𝑛𝑐ℎ 𝑜𝑓 𝑟𝑜𝑐𝑘𝑒𝑡 2 (𝑖𝑛 𝑦𝑒𝑎𝑟𝑠)
●

Specific Impulse:
[1] 𝐼YZ = 𝑉\ /𝑔\ … (2a)
=_

`a

[2] 𝐼YZ = 1/𝑔\ ∗ ^_@; ∗ c b [1 − (𝑃\ /𝑃5 )

fgh
f

d

] … (2b)

𝑤ℎ𝑒𝑟𝑒: 𝐼YZ = 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑖𝑚𝑝𝑢𝑙𝑠𝑒
𝑉\ = 𝑡ℎ𝑒 𝑒𝑥𝑖𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑒𝑙/𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘𝑒𝑡
𝑔\ = 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑎𝑟𝑡ℎ
𝑘 = 𝑡ℎ𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑎𝑠𝑒𝑠 (𝑚𝑜𝑛𝑎𝑡𝑜𝑚𝑖𝑐, 𝑑𝑖𝑎𝑡𝑜𝑚𝑖𝑐, 𝑎𝑛𝑑 𝑝𝑜𝑙𝑦𝑎𝑡𝑜𝑚𝑖𝑐)
𝑅 = 𝑡ℎ𝑒 𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (8.3145 𝐽/𝑚𝑜𝑙 − 𝐾)
𝑇5 = 𝑡ℎ𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘𝑒𝑡
𝑚s = 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑎𝑠/𝑓𝑢𝑒𝑙 𝑏𝑒𝑖𝑛𝑔 𝑢𝑠𝑒𝑑
●

Thrust:
t ∗ 𝑉\ … (3)
𝑇ℎ𝑟𝑢𝑠𝑡 = 𝑚
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𝑤ℎ𝑒𝑟𝑒: 𝑇ℎ𝑟𝑢𝑠𝑡 = 𝑡ℎ𝑒 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘𝑒𝑡
t = 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑒𝑙 𝑠𝑜𝑢𝑟𝑐𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚
𝑚
𝑉\ = 𝑡ℎ𝑒 𝑒𝑥𝑖𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑒𝑙/𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘𝑒𝑡

●

Price Per Weight Calculation:
𝐶 = $/𝑚 … (4)
𝑤ℎ𝑒𝑟𝑒: 𝐶 = 𝑝𝑟𝑖𝑐𝑒 𝑝𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑡𝑜 𝑠𝑒𝑛𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑜 𝑠𝑝𝑎𝑐𝑒
$ = 𝑡ℎ𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑐𝑟𝑒𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑙𝑎𝑢𝑛𝑐ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑠𝑖𝑔𝑛𝑒𝑑 𝑟𝑜𝑐𝑘𝑒𝑡
𝑚 = 𝑙𝑎𝑢𝑛𝑐ℎ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘𝑒𝑡

●

Ideal Rocket Equation (Final Velocity):
𝛥𝑉 = 𝑉\ ∗ 𝑙𝑛 (𝑚v /𝑚\ )… (5)
𝑤ℎ𝑒𝑟𝑒: 𝛥𝑉 = 𝑓𝑖𝑛𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘𝑒𝑡
𝑉\ = 𝑒𝑥𝑖𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑒𝑥ℎ𝑎𝑢𝑠𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘𝑒𝑡
𝑚v = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑢𝑟𝑛
𝑚\ = 𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑏𝑢𝑟𝑛

●

Solar Sail Thrust Equation:
𝑇ℎ𝑟𝑢𝑠𝑡 = 2𝑅𝑆𝐴(𝑠𝑖𝑛= 𝜃)/𝑐 … (6a)
𝑇ℎ𝑟𝑢𝑠𝑡 = 9.113 ∗ 10@| (𝑅𝐴(𝑠𝑖𝑛= 𝜃)/𝐷= )… (6b)
𝑤ℎ𝑒𝑟𝑒: 𝑅 = 𝑡ℎ𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡
𝑆 = 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑥 (𝑊/𝑚= )
𝐴 = 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑠𝑎𝑖𝑙 𝑎𝑟𝑒𝑎
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𝑐 = 𝑡ℎ𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡
𝜃 = 𝑡ℎ𝑒 𝑠𝑎𝑖𝑙 𝑎𝑛𝑔𝑙𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ𝑖𝑛𝑔 𝑙𝑖𝑔ℎ𝑡
𝐷 = 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑢𝑛 (𝑖𝑛 𝐴𝑈)
●

Solar Flux of Our Sun:
𝑆 = 𝐿/(4𝜋 ∗ 𝑑= )… (7)
𝑊ℎ𝑒𝑟𝑒: 𝑆 = 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑥 (𝑊/𝑚 = )
𝐿 = 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑙𝑢𝑚𝑖𝑛𝑜𝑠𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑜𝑢𝑟 𝑠𝑢𝑛 (3.9 ∗ 10=| 𝑊)
𝑑 = 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑛

●

Temperature Based on Distance from the Sun:
𝑇 % = (𝐿(1 − 𝑎))/(16𝜋 ∗ 𝑑= ∗ 𝜎) … (8)
𝑊ℎ𝑒𝑟𝑒: 𝑇 = 𝑡ℎ𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝐿 = 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑙𝑢𝑚𝑖𝑛𝑜𝑠𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑜𝑢𝑟 𝑠𝑢𝑛 (3.9 ∗ 10=| 𝑊)
𝑎 = 𝑡ℎ𝑒 𝑎𝑙𝑏𝑒𝑑𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑎𝑡 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑢𝑛
𝑑 = 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑛
𝜎 = 𝑡ℎ𝑒 𝑆𝑡𝑒𝑓𝑎𝑛 − 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (5.67 ∗ 10@… 𝑊/𝑚 = 𝐾 % )

●

Big 4 Physics Equations:
𝑣† = 𝑣‡ + 𝑎𝑡 … (9a)
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𝛥𝑥 = 1/2(𝑣† + 𝑣‡ )𝑡… (9b)
𝛥𝑥 = 𝑣‡ 𝑡 + 1/2𝑎𝑡 = … (9c)
𝑣† = = 𝑣‡ = + 2𝑎𝛥𝑥… (9d)
𝑊ℎ𝑒𝑟𝑒: 𝑣† = 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑓𝑖𝑛𝑎𝑙 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑏𝑗𝑒𝑐𝑡
𝑣‡ = 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑏𝑗𝑒𝑐𝑡
𝑡 = 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑜𝑢𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑓𝑟𝑎𝑚𝑒
𝛥𝑥 = 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑜𝑏𝑗𝑒𝑐𝑡
𝑎 = 𝑡ℎ𝑒 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑏𝑗𝑒𝑐𝑡
●

Magnetic Rigidity for Fissile Materials
𝑩𝒓 [𝑻𝒆𝒔𝒍𝒂 − 𝒄𝒎] = 𝟏𝟒/𝒁𝒆𝒇𝒇 ∗ 𝑬(@𝟏/𝟐) … (10)
𝑾𝒉𝒆𝒓𝒆: 𝑩𝒓 = 𝒕𝒉𝒆 𝒎𝒂𝒈𝒏𝒆𝒕𝒊𝒄 𝒓𝒊𝒈𝒊𝒅𝒊𝒕𝒚 𝒐𝒇 𝒕𝒉𝒆 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔
𝒁𝒆𝒇𝒇 = 𝒕𝒉𝒆 𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝒄𝒉𝒂𝒓𝒈𝒆 𝒐𝒇 𝒕𝒉𝒆 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔
𝑬 = 𝒕𝒉𝒆 𝒌𝒊𝒏𝒆𝒕𝒊𝒄 𝒆𝒏𝒆𝒓𝒈𝒚 𝒐𝒇 𝒕𝒉𝒆 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔

●

Einstein's Theory of Special Relativity
𝑡′ =

¤¥
¦;@§ ¨/5 ¨

… (11)

𝑾𝒉𝒆𝒓𝒆: 𝒕′ = 𝒐𝒖𝒓 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒕𝒊𝒎𝒆 𝒇𝒓𝒐𝒎 𝒕𝒉𝒆 𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒓𝒔 𝒐𝒏 𝑬𝒂𝒓𝒕𝒉
𝒕𝟎 = 𝒕𝒉𝒆 𝒕𝒊𝒎𝒆 𝒇𝒓𝒐𝒎 𝒐𝒖𝒓 𝒂𝒔𝒕𝒓𝒐𝒏𝒂𝒖𝒕𝒔 𝒑𝒆𝒓𝒔𝒑𝒆𝒄𝒕𝒊𝒗𝒆 (𝒔𝒑𝒆𝒄𝒊𝒂𝒍)
𝒗 = 𝒕𝒉𝒆 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒃𝒆𝒊𝒏𝒈 𝒆𝒙𝒑𝒆𝒓𝒊𝒆𝒏𝒄𝒆𝒅 𝒃𝒚 𝒐𝒖𝒓 𝒂𝒔𝒕𝒓𝒐𝒏𝒂𝒖𝒕 𝒐𝒓 𝒐𝒖𝒓 𝒗𝒆𝒔𝒔𝒆𝒍
𝒄 = 𝒕𝒉𝒆 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒍𝒊𝒈𝒉𝒕 [𝟑. 𝟎 ∗ 𝟏𝟎𝟖 𝒎/𝒔]
●

Artificial Gravity with Centrifugal Force
𝑔 = 𝑟 ∗ 𝜔= … (12)
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𝑊ℎ𝑒𝑟𝑒: 𝑔 = 𝑡ℎ𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑒𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙𝑙𝑦 𝑜𝑢𝑟 𝑔𝑟𝑎𝑣𝑖𝑡𝑦
𝑟 = 𝑡ℎ𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑜𝑢𝑟 𝑟𝑖𝑛𝑔
𝜔 = 𝑡ℎ𝑒 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑜𝑢𝑟 𝑠𝑝𝑖𝑛𝑛𝑖𝑛𝑔 𝑟𝑖𝑛𝑔
●

Conversion of Linear Velocity to Angular Velocity (m/s to rev/min)
𝟔𝟎

𝜔 = 𝟐𝝅∗𝒓 ∗ 𝒗 … (13)
𝑾𝒉𝒆𝒓𝒆: 𝝎 = 𝒕𝒉𝒆 𝒂𝒏𝒈𝒖𝒍𝒂𝒓 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒊𝒏 𝒓𝒆𝒗/𝒎
𝒓 = 𝒕𝒉𝒆 𝒓𝒂𝒅𝒊𝒖𝒔 𝒐𝒇 𝒐𝒖𝒓 𝒓𝒊𝒏𝒈
𝒗 = 𝒕𝒉𝒆 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒐𝒇 𝒐𝒖𝒓 𝒔𝒑𝒓𝒊𝒏𝒕𝒆𝒓
●

Heat Transfer Into a Fluid Through Convective-Conductive-Convective Transfer
𝑞³´¤ = 2𝜋 ⋅ (𝑅v + 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠v¶5´¶\· ) ⋅ 𝐿¶´¸¸·\ ⋅ ℎ¹º5_\¤ ⋅ (𝑇† − 𝑇» ) = … (14a)
`½¾¤¿v5_¶\ÀÀ½ÁbÂÁÃÄ

(2𝜋 ⋅ 𝑘¼º·· ⋅ 𝐿¶´¸¸·\ ⋅ (𝑇» − 𝑇¼º·· ))/𝑙𝑛(

`½

) = … (14b)

2𝜋 ⋅ 𝑅v ⋅ 𝐿¶´¸¸·\ ⋅ ℎ¤¿Å´º¤ ⋅ (𝑇¼º·· − 𝑇¤¿Å´º¤ ) … (14c)
𝑾𝒉𝒆𝒓𝒆: 𝒒𝒅𝒐𝒕 = 𝒕𝒉𝒆 𝒉𝒆𝒂𝒕 𝒇𝒍𝒖𝒙 𝒊𝒏 𝑾
𝑹𝒊 = 𝒕𝒉𝒆 𝒊𝒏𝒏𝒆𝒓 𝒓𝒂𝒅𝒊𝒖𝒔 𝒐𝒇 𝒕𝒉𝒆 𝒕𝒉𝒓𝒐𝒂𝒕
𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔𝒊𝒏𝒄𝒐𝒏𝒆𝒍 = 𝒕𝒉𝒆 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 𝒐𝒇 𝒕𝒉𝒆 𝒘𝒂𝒍𝒍 𝒃𝒆𝒕𝒘𝒆𝒆𝒏 𝒕𝒉𝒆 𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝒂𝒏𝒅 𝒕𝒉𝒓𝒐𝒂𝒕
𝑳𝒏𝒐𝒛𝒛𝒍𝒆 = 𝒕𝒉𝒆 𝒍𝒆𝒏𝒈𝒕𝒉 𝒐𝒇 𝒕𝒉𝒆 𝒏𝒐𝒛𝒛𝒍𝒆
𝑯𝒋𝒂𝒄𝒌𝒆𝒕,𝒕𝒉𝒓𝒐𝒂𝒕 = 𝒕𝒉𝒆 𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒗𝒆 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕
𝑻𝒇,𝒃,𝒘𝒂𝒍𝒍,𝒕𝒉𝒓𝒐𝒂𝒕 = 𝒕𝒉𝒆 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒂𝒕 𝒕𝒉𝒆 𝒄𝒐𝒓𝒓𝒆𝒔𝒑𝒐𝒏𝒅𝒊𝒏𝒈 𝒑𝒐𝒊𝒏𝒕
𝒌𝒘𝒂𝒍𝒍 = 𝒕𝒉𝒆 𝒕𝒉𝒆𝒓𝒎𝒂𝒍 𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒗𝒊𝒕𝒚 𝒐𝒇 𝒕𝒉𝒆 𝒘𝒂𝒍𝒍
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Introduction
“You cannot look up at the night sky on the Planet Earth and not wonder what it's like to
be up there amongst the stars. And I always look up at the moon and see it as the single most
romantic place within the cosmos.”
-

Tom Hanks

Figure 1.1: Mayan Calendar (cc: zedge)

Man has always looked toward the stars with hope and fervor; the belief that infinite
possibilities lay just above our head every night. Regardless of culture, distance, and time,
everywhere around the world civilizations have been trying to make sense of the stars and
what's around us. Dating as far back as the Mayans, in the early 3100’s BC, with the discovery
of lunar and solar cycles, they created an intimate and rather accurate calendar. Just by looking
at the stars, they were able to predict the future. Then, to the fathers of ancient astronomy, the
Greeks, who founded important knowledge of our solar system, the stars, and especially our
own planet. In 585 BC, Thales of Miletus, predicted the first solar eclipse, as well as [he]
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gained knowledge on timing and duration of the year with solstices and equinoxes. In 387 BC,
Plato theorized the celestial harmonic orbits of our planets, sun, and moon. Onwards to Galileo
Galilei, in 1610 AD, utilizing the telescope and contradicting the (then) modern understanding of
orbital dynamics. The fundamental understanding of geocentrism, for the first time, was being
challenged. Pushing to 1687 AD, Isaac Newton establishes his Law of Motion, theories of
gravity, and mathematical understanding of calculus -- taking a great leap in our understanding
of interactions of forces in our universe. Finally to 1969, our first endeavors into space, the
Apollo Missions sent man to the moon and delivered the first leap unto NASA’s (National
Aeronautics and Space Administration) motto of making space available for everyone. Our
yearning for understanding and the beyond has perpetually, and will inevitably, lead us to the
stars -- the only question is how will we reach them? Will it be on the back of a light propelled
ship sailing through the stars or by harnessing the power of the mysteries of our cosmos (black
holes, fusion, antimatter)? Will we lay down for the long nap or will our endeavors lead us to
generations aboard our ark? How will we ensure our bodies do not decay and deteriorate before
our eyes in the zero gravity of space? Possibly most importantly how would we even begin to
construct these vessels? What are our current models and how can we advance them? Can we
take the engineering steps forward today to help our future? Here we must start with the simple
fact of providing answers to these fundamental questions.
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Chapter 1: Energy and Fuel Sources
“Space exploration is a force of nature unto itself that no other force in society can rival.”
- Neil DeGrasse Tyson

At some point in the future we are going to leave this beautiful place we call home,
whether it is our choice or a necessity being thrust upon us by nature. The only surefire way to
establish a future with humans in it, is to make us a multiplanetary species -- thus should
anything happen to the Earth, our future in this universe would remain intact. The only question
is, how are we going to reach our promised destination? There are many theoretical designs
and formulations we currently have, but the nonstarter issue involves the complex question: why
create a rocket today with our current technology that will be overtaken in 30 years by a rocket
with the technology of that age? It takes into account the complexities of unknown variables
such as technological advancements of the future. With variables, there are three subsets:
known knowns (which are variables that we know we have to account for and we know what the
variables should be), known unknowns (which are variables that we don’t know how to solve but
we know we must account for), and then unknown unknowns (which are variables we don’t
even know that we should account for because we don’t know they exist). These unknown
unknowns are immense challenges in advancement -- we call these unknown unknowns,
unicorns. Here we must attempt to limit these unicorns to as small a number as possible-attempt to shed enough light on as many variables as possible to get us to the mark of a
feasible concept.
Thus as previously brought up, the main variable we are going to highlight that may
eliminate some of these unicorns is time to technological advancement that will allow for the
usage of these fuel/propulsion systems. We must analyze these associations in accordance
with each of our viable options. From there we must keep the variable the same with regards to
3

our destination: for our purposes we will keep it simple, we must travel to our nearest
neighboring star system, Alpha Centauri -- approximately 4.367 lightyears or 276,174
astronomical units away. With the known distance and time between technological
advancements, we can make an analysis with regards to our wait calculation. [4]
𝑊5 = (𝛥𝑥/𝑣; ) − ( (𝛥𝑥/𝑣= ) + 𝛥𝑡;@= ) … (1)
From here we may be able to garner some relative assumptions on which rockets may be our
most viable option for immediate, in terms of the grand scale of our time, transport through
interstellar space and the time it would take for our passengers to reach their destination. Let’s
begin.

Figure 1.2: Visual Representation of Distance Between Our Solar System and Alpha Centauri
[NASA/Penn State University]

4

1.1 Fossil Fuel Rockets and Initial Design of the First Rockets to
Make it Out of the Earth’s Atmosphere
“I would like to die on Mars. Just not on impact.”
-

Elon Musk

1.1.1 The Start of Our Race to the Stars
Before we can truly assess the future techs that will shape our future in the stars, we
must analyze where we’ve been and where we currently are in regards to space exploration. In
the late 1950’s the space race began and the world's hunt for supremacy in space began. The
U.S. and Russia (then Soviet-Union) had a battle of the minds during the Cold War to show who
was the greater of the two superpowers of the world. [5] In 1958 NASA was established and the
first U.S. satellite, Explorer I, was released -- designed by the famous Wernher Von Braun.
Explorer I was a massive step for space exploration, but in regards to design it was rather
simple -- JPL (Jet Propulsion Laboratories) completed the job in less than 3 months.
According to NASA, Explorer I had the following lifecycle and specification: “Explorer 1 revolved
around Earth in a looping orbit that took it as close as 354 kilometers (220 miles) to Earth and
as far as
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Figure 1.3: Explorer I Diagram and Breakdown of Mechanical Components [NASA]

2,515 kilometers (1,563 miles). It made one orbit every 114.8 minutes, or a total of 12.54
orbits per day. The satellite itself was 203 centimeters (80 inches) long and 15.9 centimeters
(6.25 inches) in diameter. [6] Explorer 1 made its final transmission on May 23, 1958. The
expected lifetime of orbit before decay was originally calculated to be 3 years, but in actuality, it
remained in orbit long after its functionality -- for 12 years, until 1970. It entered Earth's
atmosphere and burned up on March 31, 1970, after more than 58,000 orbits at a perigee of
358 km and an apogee of 2550 km. The satellite weighed 14 kilograms (30.66 pounds).” The
spacecraft was about ⅙ the weight of the Russian spacecraft Sputnik.
The propulsion systems for Explorer I utilized a modified rocket, Jupiter-C, designed by
the Army Ballistic Missile Agency and created a new 4-stage propulsion system -- Juno I. The
first stage of the rocket utilized Hydyne (60/40% mixture of dimethylhydrazine and
diethylenetriamine and liquid oxygen as propellant, garnering a specific impulse of 230 s, a
burn time of 155 s, resulting in a thrust of 415 kN. The second, third, and fourth stages utilized
solid fuel, a mixture of polysulfide aluminum and ammonium perchlorate, garnering,
respectively, a specific impulse, of 220 s, 236 s, 249 s, a burn time of 6 s, 6 s, 6 s, and a
resultant thrust of 73.4 kN, 20.0 kN, and 6.7 kN.

6

Table 1.1: Explorer I Stages and Resultant Propulsion Specifications
Propellant Fuel

Specific
Impulse [s]

Burn
Time [s]

Thrust
[kN]

Stage 1

Hydene - Liquid
Oxygen

230

155

415

Stage 2

Polysulfide Aluminum Ammonium Perchlorate

220

6

73.4

Stage 3

Polysulfide Aluminum Ammonium Perchlorate

236

6

20.0

Stage 4

Polysulfide Aluminum Ammonium Perchlorate

249

6

6.7

Explorer I may be the first satellite sent by the United States, but the culmination of the
space race came to a head with placing man on the moon. Skip to, July 16th, 1969, the rocket
that placed man on the moon, Apollo 11, took “One small step for man, one giant leap for
mankind,” (Neil Armstong). Neil Armstrong and Buzz Aldrin headed the legendarily successful
mission to land on the moon. The rocket that landed them on the moon was the Saturn V. The
Saturn V was an immense endeavor, headed by Boeing, North American, and Douglas that
cost $6.417 billion dollars to create, with an additional $185 million dollars added per
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Figure 1.4: Saturn V Rocket Diagram and Mechanical Breakdown of Components [cc:
Maldoror (wikipedia)]

launch. The 3-stage rocket, like the Explorer I, utilizes a fuel element and an oxidizer. For stage
1 of the rocket, the fuel source is rocket-propellant 1, or RP-1. This is a highly refined version of
fuel, not dissimilar to that of jet fuel. It takes kerosene and modifies the properties to allow for
temperatures to reach sustainable measures so that the engine itself does not melt. Then for
stages 2 and 3, the fuel source is liquid hydrogen. All 3 stages utilize liquid oxygen as the
oxidizer. Stage 1 has a burn time of 168 seconds and a thrust of 33,000 kN. Stage 2 has a burn
time of 384 seconds and a thrust of 5,141 kN. Stage 3 is split into two sections: an orbital
insertion stage and a total Earth departure stage. The orbital stage utilizes a burn time of 147
seconds and a thrust of 901 kN; whereas, the Earth departure stage utilized a burn time of 347
seconds and a thrust of 895 kN. This combination allowed for the escape of our planet's
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gravitational pull and sent the two men toward the moon, forever etching the mission in our
people’s history.

Table 1.2: Saturn V/Apollo 11 Stages and Resultant Propulsion
Specifications
Length
[m]

Diameter
[m]

Empty Mass [kg]

Gross Mass [kg]

Stage 1

42.1

10.1

130,000

2,290,000

Stage 2

24.8

10.1

40,100

496,200

Stage 3

18.8

6.6

15,200

123,000

Table 1.3: Saturn V/Apollo 11 Stages and Resultant Propulsion Specifications
Propellant Fuel

Engine Type and
Number

Specific
Impulse
[s]

Burn
Time [s]

Thrust
[kN]

Stage 1

Rocket Propellant I Liquid Oxygen

5 Rocketdyne F-1

263

168

35100

Stage 2

Liquid Hydrogen Liquid Oxygen

5 Rocketdyne J-2

421

360

5141

Stage 3

Liquid Hydrogen Liquid Oxygen

1 Rocketdyne J-2

421

165 &
335

1033

1.1.2 Our Accomplishments and Where Our Technological Prowess
Currently Stands
Now that we know the first unmanned and manned spacecraft marked in our history, we
must take a look at how far we have gone and where we currently stand. The spacecraft that
has traveled the farthest is the Voyager I spacecraft. This craft is more than 40 years old,
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launched on September 5th, 1977, and is more than 22.8 billion kilometers from Earth (14 billion
miles). This is the first manmade object to ascend beyond our solar system -- past our farthest
planets: Saturn, Uranus, Neptune, and some truthers still hold Pluto -- reaching the interstellar
medium. Yet, this is unmanned and is currently powered by the radioactive decay of an
isotope of plutonium, boasting a half life of 88 years. This decay is utilized through RTG’s
(radioisotope thermoelectric generator), turning the heat into electricity. The craft holds three of
these RTG’s and gathered an initial 470 W with a new fuel source of plutonium-238 and brand
new thermocouples. The degradation of Pu-238 occurs at a half-life of 87.7 years -- this places
the percent of effective plutonium, as of June of 2021, at 70% of the initial value (329 W). The

Figure 1.5: Voyager Radioisotopic Breakdown and Heat Source Components for RTG’s
[NASA/JPL]

projected date that should push the craft beyond the bring of functionality is 2050, or roughly
56.5% of initial value (263 W). Yet, as these satellites are unmanned and lighter than most at
roughly 825.5 kilograms, it would take much more to send humans. Compared to today's
rockets from the leader in space exploration, SpaceX, the Falcon 9 rocket weighs 549,054
kilograms. That’s roughly 665x more weight to carry into space.
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With manned space travel, since the space race, as a nation, we have been less keen
on space exploration, mainly sticking to missions aboard the ISS (International Space Station).
Lately there has been a revival with the private sector embarking on their own initiatives. For
now, it seems that the leader in manned space exploration goes to the Crew Dragon Rocket of
SpaceX. [8] They currently utilize the Draco thrusters, a fossil fuel (dinitrogen tetroxide and
monomethylhydrazine) engine, with stabilized thrusters that break off and land for recyclability.
The Crew Dragon utilized 16 Draco thrusters, individually capable of 400 N of thrust, that allow
for orbital adjustment and orientation control and 8 SuperDraco engines that provide the escape
velocity thrust required -- each of the SuperDraco engines provide 73 kN of thrust. Yet, one of
the biggest design concepts put to fruition involves the reusable thrusters. This is a massive
cost saving measure and that seems to be the entirety of where the space industry is – make it
as cheap as possible to boost the viability of commercial space travel. With the private sector
there is a price point, on the variable of price per pound or price per kilogram, that must be
reached. This is the amount of money that is required to send a pound/kilogram of material to
space.

1.1.2a Cost Analysis Per Unit Weight to Send Material to Low Earth Orbit
For reference with the Apollo 11 rocket, CBS did a study and found that in today’s
dollars, “the Apollo command and service modules cost the equivalent of $39 billion to develop,
the lunar module ran another $23.4 billion, and the giant Saturn family of rockets and the
engines required to boost astronauts into Earth orbit and beyond cost nearly $100 billion to
design, test and launch.” Thus it cost roughly $162 billion to send 45,702 kg (100,756 lbs) to the
Moon. Settling at an astounding $3.54 million/kg ($1.6 million/lb). Now, with the Crew Dragon
Rocket (Crew-1), launched in November of 2020, launched at 12,519 kg (27,600 lb) and had an
estimate of $209 million/mission - this places the price/kg at $16,695/kg ($7,573/lb). Even
though this is a miraculous 212x decrease, it is not the final goal of NASA. According to the
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Advanced Space Transportation Program, “NASA’s goal is to reduce the cost of getting to
space to hundreds of dollars per pound within 25 years and tens of dollars per pound within 40
years.” This is rather ambitious, but we may be in the adolescence of the second era of space
exploration where privatization can lead to innovation.

Table 1.4: Price Point Per Weight to Send Material to Space

Apollo 11

Launch Weight

Cost

Price/Weight

45,702 kg (100,756 lbs)

$162 billion

$3.54 million/kg ($1.6
million/lb)

SpaceX Crew1

12,519 kg (27,600 lb)

$209

$16,695/kg ($7,573/lb)

million/mission
Difference

-365%

-775.12%

-212%

Though in all fairness, this is comparing two different mission types. The Apollo Mission
needed to go farther than the Crew-Dragon -- considerably so at 400,000 km, to be exact. Thus,
with analysis of prior rockets that went to low earth orbit to current ones, we can get a more
accurate representation of the price point to send material out into space. Based on figure 1.6,
from [10] futuretrends.net which utilized a culmination of journals regarding the subject, we can
see the curve fit that aims for NASA’s goal to get it down to tens of dollars per kg. Should trends
continue in the way they have been, it seems feasible.

12

Figure 1.6: Cost Per Kilogram Diagram and Projections to Send Material into Orbit [cc:
FutureTimeline.net]

1.1.3 Design and Creation of Rockets in Space or Low Earth Orbit and
Evaluating Our Current Designs for the Long Journey
The prior analysis is an important factor in the creation of an interstellar craft. With the
assumption that the craft must assume much more space for habitability for our crew, it wouldn’t
make sense to create something so massive that must exhaust a strong amount of its fuel in
just leaving Earth’s gravity well. Whereas with it becoming cheaper to send material out to
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space, we may be able to create a station designed for the construction of our interstellar crafts.
This would allow for our craft’s fuel to be wholly utilized on its unimpeded journey toward Alpha
Centauri.
From here we can simplify the calculations on time to our destination, which is the most
important variable. Utilizing a simple equation to quantify the velocity of our craft (the ideal
rocket equation):
𝛥𝑉 = 𝑉\ ∗ 𝑙𝑛 (𝑚v /𝑚\ )… (5)
We can take a quick look at the velocity against the distance (4.367 lightyears) to analyze the
time to destination. This will give us a much larger understanding of the specification required
for our craft -- should it take so long that we must have generations on our craft or that our craft
goes fast enough so that time dilation takes effect, alleviating some of the strain on our
passengers. The quicker to our destination, possibly the more viable an option our design is. In
order to gain a reference point, should we send our strongest craft today, we can look at the
Crew-Dragon craft’s time to Alpha Centauri. According to their specifications, the [11] Merlin-1D
engine that powers the rocket has a vacuum specific impulse of 348 seconds -- which is touted
as the highest specific impulse for a hydrocarbon rocket. Inputting this into equation 2a we
gather that the exit velocity of the propellant is 3,413.88 m/s. From here we look to table 1.5,
which utilizes equation 5 to output our final velocity (which is translated into the ratio of speed of
light) of our craft.
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Table 1.5: Crew Dragon-1 Time to Alpha Centauri Based on Current Design

Crew
Dragon

Initial Mass

Final Mass

Exit Velocity

Final Velocity

12,519 kg

9,616 kg
(21,200 lb)

3413.88 m/s
(0.0000114c)

900.65 m/s
(0.000003c)

Distance to
Alpha Centauri

Final
Velocity

Time to Alpha
Centauri

4.367 lightyears

0.000003c

1,455,666.7 years

(27,600 lb)

The progress we are making with fossil fuel rockets is immense, in that it should allow us
to use these currently viable rockets to send us to the moon or our neighboring planets and to
send material out into space for creation and design of other rockets or endeavors. But, seeing
as how it would take us over a million years to get us to Alpha Centauri -- barring some major
leap that is unforeseeable -- it looks as though fossil fuel rockets will be limited to our solar
system and no further.
For posterity, say we were to ramp up the efficiency of this process by a considerable
number -- say 100%. Placing the specific impulse of the rocket at 696 seconds and the exit
velocity at 6827.76 m/s. Now say we make the rocket massive and mostly for fuel, in an attempt
to see the grandest scale we can get with fossil fuel rockets. Say 50,000 kg with a mass fraction
of .8 or 80%. Even with this grandiose rocket we achieve a final velocity of 10,988.86 m/s (which
is considerably faster than that of the Crew-Dragon 1 rocket -- about 100x so), we reach our
destination of Alpha Centauri in 119,000 years. So regardless, unless major unforeseen
changes occur in our understanding of these rockets, fossil fuels do not get us to our destination
quick enough.
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Table 1.6: Theoretical Rocket Time to Alpha Centauri Based on Given
Parameters

Theoretic
al Rocket

Initial Mass

Final Mass

Exit Velocity

Final Velocity

50,000 kg

10,000 kg
(22,046 lb)

6827.76 m/s
(0.0000224c)

10,988.86 m/s
(0.00003665c)

Distance to
Alpha Centauri

Final Velocity

Time to Alpha
Centauri

4.367 lightyears

0.00003665c

119,137.9 years

(110,231 lb)

Overall, even with all the progress made, we are trapped with the ideas of what works
today and not what will be best for the future of the industry. For now, the rocket fuel propellant
of the base engines of today work to get us where we need to go, but no further. Should we
wish to look beyond our neighboring planets and the ISS, we must dream a little bigger. Thus
we must look into alternative sources of power for the propulsion systems of these rockets.

1.2 Light Sails
1.2.1 How Do Light Sails Work
Light Sails are rather simple designs; They cast a large sail, and not unlike that of sail
boats in the sea, are propelled through the cosmos. This sail is different from those in the ocean
as there is no wind (as we know it) in the vacuum of space. Thus, they sail off the radiation
pressure emitted from the sun – being propelled by light and thus, light sails. These sails utilize
Newton’s Third Law (equal and opposite forces) in that the radiation energy pushes on the sail
and creates a propulsive force backwards. Alternatively these could be propelled by high energy
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laser beams projected at the sail of the design. However, the design remains the same; A highly
reflective material that has lower thermal absorption potential is utilized to create a large base
area. This material is extended to its maximum potential and focused perpendicular to the light
source for maximum thrust. Since the system holds no propellant fuel, the limit to its speed
comes from the size of the sail and the power of its light source.

Figure 1.7: Visual Representation of How Solar Sails Operate Directionally [NASA]

From the equation gathered (6), from Space Mission Engineering: The new SMAD [21],
we can calculate the thrust on our light sail:
𝑇ℎ𝑟𝑢𝑠𝑡 = 2𝑅𝑆𝐴(𝑠𝑖𝑛= 𝜃)/𝑐 = 9.113 ∗ 10@| (𝑅𝐴(𝑠𝑖𝑛= 𝜃)/𝐷= )
It would be a little more challenging to sail the cosmos on this design as the power from the sun
for example, on an 800 x 800 meter light sail, at 1 AU away, perfectly perpendicular to the sun,
the thrust created is roughly 5.83 newtons of force. This is nothing in the grand scheme of
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things. As distance is the important factor, reducing the square of distance, we can place our
ship closer to our source.

1.2.2 Design and Properties of the Light Sail Powered By the Sun
The design of the light sail is one of the more simple designs of the starships presented.
It is really only dependent on the material of the reflective sail and the size of the sail; From
there, the other two factors are the overall weight of the craft and the power and direction of the
source, relative to the craft. The simplicity of these designs are both a burden and a curse, in
that, with limited variables, we must ensure these variables are designed to perfection; however,
it also can allow for quicker manufacturing times and much lower overall cost.
The SMAD offers a few material sources that could be a contendender for the sail itself:
Aluminum, gold, silver, and copper. It states, “There are several factors to consider when
designing a solar sail, starting with the decision on the sail material, including reflectivity,
fragility, and lifetime.” Among these, aluminum heads the material candidates due to the high
reflectivity and low density, to limit our weight. (86-97% for wavelengths between 0.2-1.5
micrometers(𝜇𝑚) and a density of 2.7 𝑔/𝑐𝑚 Î). This layer of aluminum film will be thin and thus
can easily tear during deployment or flight. Thus, to fortify the material it will be backed by either
Mylar or Kapton. Should we wish to avoid this, we may be able to utilize a carbon fiber material
that is coated in aluminum. This will allow for mass reduction, strength, and reflectivity.
With aluminum as the reflective source of our light sail we can gather the force pressing
on our solar sail. As the solar flux is much higher when closer to the sun, in order to maximize
our thrust for propulsion, we are going to utilize a gravity assist from our sun. This will take our
ship in as close as possible to the sun and grant it a longer time with a stronger force propelling
us out into deep space. [22 + 23] The solar flux based on distance from our Sun is based on
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equation (7) and the distance will be decided based on equation (8) with the melting
temperature of aluminum taken into account (1221 ∘ 𝐹 or 934 K):
(7) 𝑆 = 𝐿/(4𝜋 ∗ 𝑑= )

𝑊ℎ𝑒𝑟𝑒: 𝐿 = 3.9 ∗ 10=| 𝑊 (𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐹𝑙𝑢𝑥 𝑃𝑢𝑡 𝑂𝑢𝑡 𝐵𝑦 𝑡ℎ𝑒 𝑆𝑢𝑛)

(8) 𝑇 % = (𝐿(1 − 𝑎))/(16𝜋 ∗ 𝑑= ∗ 𝜎)

𝑊ℎ𝑒𝑟𝑒: 𝜎 = 5.67 ∗ 10@… 𝑊/𝑚 = 𝐾 %

Here we gather that, with the melting temperature of 934 K and an albedo of aluminum of 95%,
the closest approach distance we can get to is roughly 3 million km away from the center of the
sun. Which places us at 2.3 million km away from the surface of the Sun -- relatively close
astronomically speaking (0.0154 au). This will allow us to calculate the solar flux at that
distance. (Note: the distance is measured from the center of the sun, not the surface.) At 3
million km away we gather a flux of 3.445 ∗ 10| 𝑊/𝑚 =. From here may input our flux into
equation (6a):
𝑇ℎ𝑟𝑢𝑠𝑡 = 2𝑅𝑆𝐴(𝑠𝑖𝑛= 𝜃)/𝑐
We can create our force of thrust, allowing for maximized incident and a perfect angle, based on
the size of our sail. We can gather our thrusts in table 1.7 and figure 1.8.

Table 1.7: Thrust Table Based on Sail Size at a Distance of 3 million km
Size of
Solar
Sail

1 𝑘𝑚 =
(1 km x 1
km)

4 𝑘𝑚 =
(2 km x 2
km)

9 𝑘𝑚 =
(3 km x 3
km)

16 𝑘𝑚 =
(4 km x (4
km)

25 𝑘𝑚 =
(5 km x 5
km)

36 𝑘𝑚 =
(6 km x 6
km)

Thrust
(kN)

22.983

91.930

206.843

367.721

574.564

827.372
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Figure 1.8: Graphical Representation of Light Sail Area vs. Thrust at 3 Million km From the
Sun (cc: me)

From the thrust gathered we can compute the acceleration based on the mass of our
ship. Utilizing the density of Aluminum, 2700 𝑘𝑔/𝑚 Î, and Mylar, 1400 𝑘𝑔/𝑚Î , and using the
thickness of an already constructed sail, LightSail 2 (detailed further below), of a thickness of
4.5 microns (0.0000045 𝑚), we can sum the densities of the two (4100 𝑘𝑔/𝑚 Î ) and multiple it
against the solar sail area and the thickness to get the total mass of our sail. See table 1.8. We
do the same with the density of carbon fiber, 1550 𝑘𝑔/𝑚Î , and aluminum. Then we can
compare them in the table. Using the masses gathered we can find an optimum mass to
acceleration ratio. Color coded based on the likelihood of our light sail mass plus theoretical
habitation, measurements, life systems, and other essential quarters for our ship.
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Table 1.8: Mass of Light Sail Dependent on Sail Area of Aluminum Mylar and Aluminum
Carbon Fiber
Light Sail
Area(𝑚 = )

Aluminum
Mylar
(1 km x 1
km)

Aluminum
Mylar
(2 km x 2
km)

Aluminum
Mylar
(3 km x 3
km)

Aluminum
Mylar
(4 km x (4
km)

Aluminum
Mylar
(5 km x 5
km)

Aluminum
Mylar
(6 km x 6
km)

Mass (kg)

18450

73800

166050

295200

461250

664200

Light Sail
Area(𝑚 = )

Aluminum
Carbon
Fiber
(1 km x 1
km)

Aluminum
Carbon
Fiber
(2 km x 2
km)

Aluminum
Carbon
Fiber
(3 km x 3
km)

Aluminum
Carbon
Fiber
(4 km x (4
km)

Aluminum
Carbon
Fiber
(5 km x 5
km)

Aluminum
Carbon
Fiber
(6 km x 6
km)

Mass (kg)

19125

76500

172125

306000

478125

688500

Figure 1.9: Acceleration Against Light Sail Size and Mass of the Ship
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Table 1.9: Acceleration Table Based on Sail Size and Mass of Ship (Mylar) at the Minimum
Distance from the Sun
Mass
(kg)

Aluminum
Mylar
(1 km x 1
km)

Aluminum
Mylar
(2 km x 2
km)

Aluminum
Mylar
(3 km x 3
km)

Aluminum
Mylar
(4 km x (4
km)

Aluminum
Mylar
(5 km x 5
km)

Aluminum
Mylar
(6 km x 6
km)

20000

1.14915
𝒎/𝒔𝟐

4.5965 𝒎/
𝒔𝟐

10.34215
𝒎/𝒔𝟐

18.38605
𝒎/𝒔𝟐

28.7282
𝒎/𝒔𝟐

41.3686 𝒎/𝒔𝟐

50000

0.45966
𝒎/𝒔𝟐

1.8386 𝒎/
𝒔𝟐

4.13686
𝒎/𝒔𝟐

7.35442
𝒎/𝒔𝟐

11.49128
𝒎/𝒔𝟐

16.54744 𝒎/
𝒔𝟐

75000

0.30644
𝒎/𝒔𝟐

1.225733
𝒎/𝒔𝟐

2.757907
𝒎/𝒔𝟐

4.902947
𝒎/𝒔𝟐

7.660853
𝒎/𝒔𝟐

11.03163 𝒎/
𝒔𝟐

125000

0.183864
𝒎/𝒔𝟐

0.73544
𝒎/𝒔𝟐

1.654744
𝒎/𝒔𝟐

2.941768
𝒎/𝒔𝟐

4.596512
𝒎/𝒔𝟐

6.618976 𝒎/
𝒔𝟐

175000

0.131331
𝒎/𝒔𝟐

0.525314
𝒎/𝒔𝟐

1.18196
𝒎/𝒔𝟐

2.101263
𝒎/𝒔𝟐

3.283223
𝒎/𝒔𝟐

4.72784 𝒎/𝒔𝟐

250000

0.091932
𝒎/𝒔𝟐

0.36772
𝒎/𝒔𝟐

0.827372
𝒎/𝒔𝟐

1.470884
𝒎/𝒔𝟐

2.298256
𝒎/𝒔𝟐

3.309488 𝒎/
𝒔𝟐

300000

0.07661
𝒎/𝒔𝟐

0.306433
𝒎/𝒔𝟐

0.689477
𝒎/𝒔𝟐

1.225737
𝒎/𝒔𝟐

1.915213
𝒎/𝒔𝟐

2.757907 𝒎/
𝒔𝟐

400000

0.057458
𝒎/𝒔𝟐

0.229825
𝒎/𝒔𝟐

0.517108
𝒎/𝒔𝟐

0.919303
𝒎/𝒔𝟐

1.43641
𝒎/𝒔𝟐

2.06843 𝒎/𝒔𝟐

465000

0.049426
𝒎/𝒔𝟐

0.197699
𝒎/𝒔𝟐

0.444824
𝒎/𝒔𝟐

0.790798
𝒎/𝒔𝟐

1.235622
𝒎/𝒔𝟐

1.779295 𝒎/
𝒔𝟐

550000

0.041787
𝒎/𝒔𝟐

0.167145
𝒎/𝒔𝟐

0.376078
𝒎/𝒔𝟐

0.668584
𝒎/𝒔𝟐

1.044662
𝒎/𝒔𝟐

1.504313 𝒎/
𝒔𝟐

670000

0.034303
𝒎/𝒔𝟐

0.137209
𝒎/𝒔𝟐

0.308721
𝒎/𝒔𝟐

0.548837
𝒎/𝒔𝟐

0.857558
𝒎/𝒔𝟐

1.234884 𝒎/
𝒔𝟐

750000

0.030644
𝒎/𝒔𝟐

0.122573
𝒎/𝒔𝟐

0.275791
𝒎/𝒔𝟐

0.490295
𝒎/𝒔𝟐

0.766085
𝒎/𝒔𝟐

1.103163 𝒎/
𝒔𝟐

Highly Unlikely

Less likely

Plausible
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More Likely

Optimal

Table 1.10: Acceleration Table Based on Sail Size and Mass of Ship (Carbon Fiber) at the
Minimum Distance from the Sun
Mass
(kg)

Aluminum
Carbon
Fiber
(1 km x 1
km)

Aluminum
Carbon
Fiber
(2 km x 2
km)

Aluminum
Carbon
Fiber
(3 km x 3
km)

Aluminum
Carbon
Fiber
(4 km x (4
km)

Aluminum
Carbon
Fiber
(5 km x 5
km)

Aluminum
Carbon
Fiber
(6 km x 6
km)

20000

1.14915
𝒎/𝒔𝟐

4.5965 𝒎/
𝒔𝟐

10.34215
𝒎/𝒔𝟐

18.38605
𝒎/𝒔𝟐

28.7282
𝒎/𝒔𝟐

41.3686 𝒎/
𝒔𝟐

50000

0.45966
𝒎/𝒔𝟐

1.8386 𝒎/
𝒔𝟐

4.13686
𝒎/𝒔𝟐

7.35442
𝒎/𝒔𝟐

11.49128
𝒎/𝒔𝟐

16.54744
𝒎/𝒔𝟐

75000

0.30644
𝒎/𝒔𝟐

1.225733
𝒎/𝒔𝟐

2.757907
𝒎/𝒔𝟐

4.902947
𝒎/𝒔𝟐

7.660853
𝒎/𝒔𝟐

11.03163
𝒎/𝒔𝟐

125000

0.183864
𝒎/𝒔𝟐

0.73544
𝒎/𝒔𝟐

1.654744
𝒎/𝒔𝟐

2.941768
𝒎/𝒔𝟐

4.596512
𝒎/𝒔𝟐

6.618976
𝒎/𝒔𝟐

175000

0.131331
𝒎/𝒔𝟐

0.525314
𝒎/𝒔𝟐

1.18196
𝒎/𝒔𝟐

2.101263
𝒎/𝒔𝟐

3.283223
𝒎/𝒔𝟐

4.72784 𝒎/
𝒔𝟐

250000

0.091932
𝒎/𝒔𝟐

0.36772
𝒎/𝒔𝟐

0.827372
𝒎/𝒔𝟐

1.470884
𝒎/𝒔𝟐

2.298256
𝒎/𝒔𝟐

3.309488
𝒎/𝒔𝟐

300000

0.07661
𝒎/𝒔𝟐

0.306433
𝒎/𝒔𝟐

0.689477
𝒎/𝒔𝟐

1.225737
𝒎/𝒔𝟐

1.915213
𝒎/𝒔𝟐

2.757907
𝒎/𝒔𝟐

400000

0.057458
𝒎/𝒔𝟐

0.229825
𝒎/𝒔𝟐

0.517108
𝒎/𝒔𝟐

0.919303
𝒎/𝒔𝟐

1.43641
𝒎/𝒔𝟐

2.06843 𝒎/
𝒔𝟐

465000

0.049426
𝒎/𝒔𝟐

0.197699
𝒎/𝒔𝟐

0.444824
𝒎/𝒔𝟐

0.790798
𝒎/𝒔𝟐

1.235622
𝒎/𝒔𝟐

1.779295
𝒎/𝒔𝟐

550000

0.041787
𝒎/𝒔𝟐

0.167145
𝒎/𝒔𝟐

0.376078
𝒎/𝒔𝟐

0.668584
𝒎/𝒔𝟐

1.044662
𝒎/𝒔𝟐

1.504313
𝒎/𝒔𝟐

670000

0.034303
𝒎/𝒔𝟐

0.137209
𝒎/𝒔𝟐

0.308721
𝒎/𝒔𝟐

0.548837
𝒎/𝒔𝟐

0.857558
𝒎/𝒔𝟐

1.234884
𝒎/𝒔𝟐

750000

0.030644
𝒎/𝒔𝟐

0.122573
𝒎/𝒔𝟐

0.275791
𝒎/𝒔𝟐

0.490295
𝒎/𝒔𝟐

0.766085
𝒎/𝒔𝟐

1.103163
𝒎/𝒔𝟐

Highly Unlikely

Less likely

Plausible

23

More Likely

Optimal

These tables show that depending on the size of our sail and our overall mass, we are to
start with an initial maximum acceleration of between 1.2 m/s^2 and 0.5 m/s^2. Now we must
find out a distance at which the acceleration of our craft becomes negligible. At a distance of 6
billion km, roughly the distance of the Sun to Pluto, the solar flux output is 0.8621 𝑊/𝑚 = . This is
rather low and will only affect our craft minimally. Using the optimized weights of each of the
crafts, we can gather the accelerations. The accelerations are shown in table 1.11 below.

Table 1.11: Acceleration of Optimized Craft at the Distance of the Sun to the Pluto
Aluminum
Mylar
(1 km x 1
km)

Aluminum
Mylar
(2 km x 2
km)

Aluminum
Mylar
(3 km x 3
km)

Aluminum
Mylar
(4 km x 4
km)

Aluminum
Mylar
(5 km x 5
km)

Aluminum
Mylar
(6 km x 6
km)

Acceler 0.0000001
ation
15𝒎/𝒔𝟐

0.0000001
84𝒎/𝒔𝟐

0.0000002
07𝒎/𝒔𝟐

0.0000002
30 𝒎/𝒔𝟐

0.00000026 0.000000276
1 𝒎/𝒔𝟐
𝒎/𝒔𝟐

Mass
(kg)

Aluminum
Carbon
Fiber
(1 km x 1
km)

Aluminum
Carbon
Fiber
(2 km x 2
km)

Aluminum
Carbon
Fiber
(3 km x 3
km)

Aluminum
Carbon
Fiber
(4 km x (4
km)

Aluminum
Carbon
Fiber
(5 km x 5
km)

Acceler 0.0000001
ation
15𝒎/𝒔𝟐

0.0000001
84𝒎/𝒔𝟐

0.0000002
07 𝒎/𝒔𝟐

0.0000002
30𝒎/𝒔𝟐

0.00000026 0.000000276
1 𝒎/𝒔𝟐
𝒎/𝒔𝟐

Aluminum
Carbon
Fiber
(6 km x 6
km)

Using the distance of 6 billion km away and a simplified average acceleration of each of the max
and final accelerations, with a conservative initial velocity of 0 m/s (to simplify calculations), we
end up with final velocities, times to Pluto, and time to Alpha Centauri. Gathered by the simple
physics equations (9c&a):
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𝛥𝒙 = 𝒗𝟎 𝒕 + 𝟏/𝟐𝒂𝒕𝟐… (9c)
𝒗𝒇 = 𝒗𝟎 + 𝒂𝒕 … (9a)

Table 1.12: Light Sail Final Velocity and TIme to Both Pluto and Alpha Centauri
Sail Size

(1 km x 1
km)

(2 km x 2
km)

(3 km x 3
km)

(4 km x 4
km)

(5 km x 5
km)

(6 km x 6
km)

Average 0.23
Accelera m/s^2
tion

0.36772
m/s^2

0.413865
m/s^2

0.45965
m/s^2

0.52233
m/s^2

0.551582
m/s^2

Time to
Pluto

7,223,152
s (83.6
days)

5,712,576
s
(66.1
days)

5,385,868
s
(62.3
days)

5,109,483 s
(59.1 days)

4,793,118 s 4,664,292 s
(55.5 days) (54.0 days)

Final
Velocity

1,661,325
m/s
(0.0055c)

2,100,630
m/s
(0.007c)

2,228,052
m/s
(0.0074c)

2,348,574
m/s
(0.0078c)

2,503,589
m/s
(0.0084c)

Time to
Proxima
Centauri

794 years

623.9
years

590.2
years

559.9 years 519.9
years

2,572,739
m/s
(0.0086c)
507.8 years

These speeds are rather slow in the grand scheme of things, taking between 800-500
years. This is a simple design if we were to wish to go completely green and only utilize the
materials of our craft and the power of our sun. We can only maximize these ships to a certain
extent though, and likely, these ships would require generations aboard our craft. These crafts
could work well for travel to our neighboring planets, but as interstellar travel is concerned, it
seems a hail mary but plausible. Likely these designs will be managed for unmanned probes,
lightening our load immensely and deeply increasing our efficiency.
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1.2.3 Design and Properties of the Light Sail Powered By Other Means
Should we wish to be independent of the sun as our propulsion source, we could use
lasers. This would allow a much more focused source of energy directed at the sail, but the
issue is that we would need many technological advancements to keep up with the acceleration
provided by our Sun for manned ships.. Proof of concept laser propelled light sail projects are in
production today for probes to Alpha Centauri -- Project Breakthrough Starshot. The project was
founded in 2016 by Yuri Milner, Stephen Hawking, and Mark Zuckerberg. They theoretically
have the design for a probe sail that can achieve 15-20% the speed of light which would make
the journey to Alpha Centauri in 21-29 years; A delayed response time of visuals and data from
the system of 4 years and an estimated launch date of 2036, we should see results by 2061 at
the earliest. Once again though, this is for an unmanned probe with the specs of 4x4 meters for
sail dimensions, with an astounding light weight of just a few grams, and a proposed “burn time”
of just 10 minutes to achieve the speed proposed. The reasons for the immense light weight is
due to the miniscule power of the lasers -- 10 kW array with proposed scalability to 100 GW
(hopeful and theoretical).
This is small scale and meant to provide a proof of concept for lights sails viability; yet,
even so, this is leagues away from the massive production required for manned light sails
propelled by lasers. The issue arises from the mass of the craft required for manned travel as
compared to the probe mentioned here. Scaling from grams to tens of thousands of kilograms is
a tough adjustment to swallow for the power required from these lasers.
Most theoretical lasers require space stations as well, due to the issues that arise when
encountering atmospheric turbulence. This turbulence will limit the ceiling these lasers from
Earth can achieve. Thus, theoretical nuclear plants have been proposed on the moon or other
space stations. This will allow for limited manipulation of these lasers through atmospheres and
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more controlled, powerful stations. Yet, an issue to be encountered is the 1967 Outer Space
Treaty. These lasers would need to be immensely powerful and thus would require nuclear
power plants to be utilized solely for this. This may contradict the 1967 Outer Space Treaty in
that these nuclear power plants could be considered dangerous and potentially weaponizing
space. In Article IV it states that signed parties may not, “Establish military bases or
installations, test “any type of weapons”, or conduct military exercises on the moon and other
celestial bodies.” This may be the toughest part to get around as establishing a nuclear power
plant to supply the laser with sufficient power would contradict many of these points. Thus for
the time being, until new legislation is put into place, this idea may have to be on the back
burner; yet, the idea must be thoroughly flushed out as these lasers can theoretically propel our
spacecraft to a decent portion of the speed of light.
Should we use the correct materials that are reflective and heat resistant enough and a
sufficiently powerful laser optimized by a nuclear power plant stationed either on a space station
or plausibly the moon directed at the sail, we could achieve speeds of around 10% the speed of
light. It is theoretically plausible to achieve higher than this since this design is only limited by
the laser’s power and effective range, but this seems a reasonable estimate based on the
designs of today. Yet, the largest issue of this design is the inability to slow down upon its
approach, since there would be no laser on the opposite side to slow it down. Though,
theoretically, you can brake in the stellar wind of space. This is the idea of magnetic braking
against the closest star’s magnetic field. Plausible, but adds yet another challenge to loading
our vessel with the means to utilize this. These are all designs of the future. To see how close
we are to these let’s look at our current designs.
Today, light sails designed by The Planetary Society, a non-profit founded by Carl
Sagan for the advocacy of astronomy, planetary science, and space exploration, have launched
into orbit. Their latest demonstration of the efficacy of light sails occurred in June of 2019. They
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launched LightSail 2 into low Earth orbit and was controlled relative to the sun. It is proving to
raise its orbital length by a significant margin. This proof of concept is just the first step. We
need significant production and testing to reach the stars we intend to get to. But, one small
step is what is required to begin the journey.

Figure 1.10: Picture of The Planetary Society’s LightSail 2 Project [cc: The Planetary Society]

1.3 Fusion vs. Fission Rockets
“Nuclear fusion is the energy of the future...and it always will be.”
-

Dr. William Culbreth

1.3.1 How Does Fission and Fusion Energy Work and How Can it Provide
Propulsion
Fusion energy is the energy that powers our Sun -- under immense amounts of pressure
and heat, elements begin to fuse together. This causes them to combine and create a new
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element made of the combination of protons, neutrons, and electrons of the prior fused
elements and release energy and other nuclear material. For example, should a Hydrogen-2
and Hydrogen-3 be fused together, they would produce a Helium-4 and a neutron, along with
17.59 MeV of kinetic energy.

𝐻;= + 𝐻;Î → 𝐻𝑒=% + 𝑛; + 𝐾𝐸
Figure 1.11: Hydrogen-2 and Hydrogen-3 Fusion Example

Fission energy is the opposite of fusion; where fusion combines the elements at play,
fission splits the existing (heavier) elements into smaller, lighter, more stable elements and
releases energy in the process. This usually occurs when a large, fissile element is bombarded
by a neutron and forces the fissile process. For example, should a Uranium-235 atom be
bombarded by a neutron, it could split into a Barium-144 atom, a Krypton-89 atom, and 3
neutrons + 210 MeV of kinetic energy.
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Figure 1.12: Uranium-235 Fission Diagram and the Resultant Products

Both of these processes occur naturally in stars and throughout the cosmos in extreme
pressure and temperature conditions. We have successfully simulated these environments and
conditions to create nuclear bombs, nuclear energy, and even some nuclear propulsion. But it
should also be noted that these conditions can set off decay emissions such as alpha, beta,
gamma, or other radioactive particles. This high energy radiation needs to be monitored and
protected against and this will be highlighted later as one of the major factors of safety. Both
have their benefits and downsides: with fusion, you deal with more abundant resources, but
smaller resultant energies and with fission, you deal with less abundant, more radioactive
elements, but garner larger amounts of energy. Yet with either, should it be utilized efficiently
and correctly, it can be a clean and powerful source of energy for the future.
As for propulsion, the way that these processes can be utilized as an interstellar engine
stem from magnetics. When introducing these high temperature and pressure environments,
they tend to involve Plasma. This allows for the ionized gas to be manipulated and directed with
powerful magnets. Thus, once the reaction takes place and the energy is released, it can be
directed with these magnets out the back of the rocket. This will utilize the fundamentals of
physics in Newton’s equal and opposite reactions -- throw something out the back and propel
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yourself forward. Now, with these fundamentals of understanding, we can look into what we
have now and how we can advance in the future.

1.3.2 Current Standing on Nuclear Fusion Energy and Properties of
Previously Proposed Nuclear Propulsion Projects
Currently, we have created and tested fission and fusion reactors and have minorly
tested them in the application of spacecraft propulsion. Fission was first discovered in 1938 by
German scientists in an attempt to create a new element. Otto Hahn, Lise Meitner, and Fritz
Strassmann bombarded a sample of uranium with neutrons and thus, fission was born. Since
then, we have come a long way but the battle is uphill and tedious. Currently, the largest known
fusion reactor resides in Southern France; [13] ITER (International Thermonuclear
Experimental Reactor) is a [14] tokamak nuclear fusion reactor being built in collaboration
with China, the European Union, India, Japan, Korea, Russia, and the United States. The
difference between the constructed reactors and the proposed propulsion engine is the
conversion of the kinetic energy into electricity; the existing reactors are meant to manipulate
this energy into electricity. The designated power output of the construction has been estimated
to be roughly 500 megawatts for 20 minutes from inputting 50 megawatts, placing this as the
first fusion reactor to output positive energy from their systems. (Currently the world record is
held by JET inputting 24 megawatts and outputting 16 megawatts.) Estimates place
construction to finish on ITER and its first plasma being produced by the end of 2025 –
operating at full power by 2035. Our fusion reactors of the future are not so far off. The
implementation and reconstruction of these designs for space exploration is the next step and
unsurprisingly, someone has already begun theoretical preparations for such an endeavor; yet,
it should be noted that some significant changes must be made as the current designs of these
reactors are “wholly inappropriate for space transportation as the application of a reactor based
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fusion-electric system creates a colossal mass and heat rejection problem for space
exploration,” as designated by NASA’s John Slough [26].

Figure 1.13: Construction of the ITER Facility in Southern France [cc: Oak Ridge National
Laboratory - ITER Tokamak and Plant Systems (2016)]

Pulse blast fusion rockets, which incorporate our designs for fusion that creates plasma
and then propels this hot gas with electromagnets, such as the [13] Daedalus Project have
been proposed. Due to the complications of creating such a monstrosity on Earth and lifting
from our gravitational pull, this rocket would be built in space. One of the major upsides of
working with fusion is the abundance of material for fuel. Should we construct a proper
sustainable environment in which to maintain pressure and temperature, we could utilize
elements that are of great abundance to power our vessel. For example, this fusion rocket
(Daedalus) powered through the propellant of [7] deuterium -- which is an abundant hydrogen
isotope consisting of roughly 0.0156% of all naturally occurring hydrogen in the ocean [25] -and helium-3 -- an isotope of helium that is rather rare on Earth but is rather abundant on the
Moon -- fusion being magnetically directed out the nozzle of the ship could theoretically reach a
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speed of 0.12c, or 36,000,000 m/s. This two stage rocket would operate initially for two years
accelerating to roughly 7.1% the speed of light and then the second stage would fire for roughly
1.8 years and would finalize at roughly 12% the speed of light. This is the more controlled and
less barbaric version of another nuclear pulse propulsion design called Project Orion; Project
Orion states that we could explode nuclear bombs behind us, having us theoretically surf the
blast to speeds of roughly 0.1c. Yet, this would require us to increase our nuclear arsenal
considerably, and I don’t believe that would be good for anyone. So for the case of this, we’ll
just focus on that of the Daedalus Project and controlled nuclear fusion rockets. The major
challenge with this project involves confining and directing the energy produced. This can be
negated through the design of Friedwardt Winterberg. He designed the inertial confinement
fusion that can allow for directed explosions that would heat and compress the fuel with laser
light so that fusion can occur. From here the magnetic confinement devices can project the
energy released outward and our thrust is created.
Should our estimates of time scales and progression be correct, fusion is on track to be
energy positive in 2035 and from there it can be optimized and redesigned for specific
endeavors. This places Project Daedalus and other fission and fusion rockets within reach.

Figure 1.14 : Project Daedalus Concept Art [cc: Qiao Chen, Artstation]
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Table 1.13: Project Daedalus Theoretical Specifications [13]
Length

190 Meters

Payload Mass

450,000 kg
First Stage

Second Stage

Empty Mass

1,690,000 kg

980,000 kg

Propellant Mass

46,000,000 kg

4,000,000 kg

Engine Burn Time

2.05 Years

1.76 Years

Thrust

7,540 kN

663 kN

Engine Exhaust Velocity

10,600 km/s

9,210 km/s

Time to Alpha Centauri

36.392 years

With conservative estimates of 50-100 years to allow for true progression of our
fundamental understandings of fusion and its troubles, we can place this into our wait
calculation (1) in comparison to our fission drives below (see dusty fission):
𝑊5 = (𝛥𝑥/𝑣; ) − ( (𝛥𝑥/𝑣= ) + 𝛥𝑡;@= )
𝑊5 = (4.367/.03 𝑜𝑟 .05) − ( (4.367/.12) + 50 𝑜𝑟 100)
𝑊5 = +0.95, −49.37, +59.17, 𝑜𝑟 + 9.17
So, we can see that our fusion drives can be a very viable option, as long as we can create our
vessel within the next century.

1.3.3 Nuclear Fission Rocket Designs and Their Inherent Upsides and
Pitfalls
Fusion is great as it maintains the ability to utilize fuel that is rather abundant in our
universe. Yet, on the opposite side, we have fission which has already been explored and
34

utilized more functionally than that of fusion. Designs related to fission show multiple different
avenues for applying this process toward propulsion, such as, rotating fuel reactors and dusty
plasma.
The former, rotating fuel reactors, is a design by the Idaho National Engineering
Laboratory in which fuel, such as Am-242

Figure 1.15: Fission Fragment Reactor Design
(Americium-242), can be placed on a rotating system of plates, made of carbon fiber, partially
integrated with the core reactor. This allows a portion of the system to always be acting, without
the whole of fuel being spent on a single reaction. This splits the reactions into fragmented
sections of material. After allowing the fuel to be split and escaped through the plates, it can be
propelled by low density magnetic fields. These fission fragments can produce thrust at very
high efficiencies -- converting most of the mass into energy for the system. The system works
so well due to the rotating nature of the system, after the plates rotate through the system and
produce their reactions, they are then rotated to the portion out of the core. This portion of the
system is then cooled so that the entirety of the system does not produce such temperatures at
sustained periods for them to melt -- this allows for the system to function much longer with less
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costly materials. Multiple different factors are incorporated into the success of these designs, as
shown in figure 1.16 and figure 1.17 -- fiber diameter for the plates, coating thickness for the
plates, time within the reactor, and material used for fission. These as shown through the
documentation of George F. Chapline, Paul Dickson, and Bruce Schnitzler’s “Fission Fragment
Rockets -- A Potential Breakthrough” [27].

Figure 1.16: Fission Fragment Escape Probability for UC Coated Graphite Fibers [27]
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Figure 1.17: Tables 1 & 2 From [27] Highlighting the Fuel Options and Configurations

Functionality of these designs depend deeply on escape probability of these fission
products and their configuration of the reactor and plates. Yet, there are achievable
configurations with fuels of high cross-sections and decent reflectors operating within the
reactor. The reflectors are necessary as with the rotating system the fissile materials will be
constantly interacting with the reflectors of the core and we need not lose unnecessary amounts
of energy. The higher cross sections will allow for greater escape probabilities and thus grant
more fragments to be propelled by our low density magnets.
One thing to note based on the designs that require magnetic confinement of the fission
material is magnetic rigidity -- this is defined by equation [10]:
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𝑩𝒓 = 𝟏𝟒/𝒁𝒆𝒇𝒇 ∗ 𝑬(@𝟏/𝟐)

… (10)

Which defines the strength of the magnetic field required to capture and utilize these particles.
Defined by [27] 𝑍\†† will be defined “based off of Bohr’s idea that the effective charge is equal to
the number of orbital electrons whose velocities are less than the ion velocity v. For the heavy
fission fragments v ~ .03c and 𝑍\†† ~ 16, while for the light fission fragments v ~ .05c and 𝑍\†† ~
22.”
This study [27] found that the possibilities of these fragment rockets can grant us a 10GW reactor, operating for 40 years, with an escape probability of 50-70% can garner a mission
time slightly above 100 years to Alpha Centauri -- specific impulses of > 100,000 seconds. It is
even possible to gather a system optimized (theoretically) to slightly less than 100 years. This
can be done with surprisingly low amounts of fissile material (as long as the fissile material is a
highly fissile isotope and utilizes a good moderator-reflector) and a relatively small reflector core
(roughly 1-2 meters). The beauty of this design, as described by Chapline, is that “It should be
noted that none of the components of the fission fragment rocket requires a new technology,

Figure 1.18: Figure Describing Dust Based Fission Fragment Reactors Based on [28]
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except for the organic moderator if that is used.” Thus, we could feasibly design this rocket
today -- a rocket that could send us to Alpha Centauri within a few generations.
The latter design, dusty plasma rockets [28], are not that dissimilar from fusion designs.
They improved upon the designs of the former in that it decreases complexity and increases
efficiency, so win-win. This design overcomes the overheating problem by creating a vacuum,
with magnetic containment, allowing these fission fragments to be suspended in a more
voluminous area. This less dense concentration will allow these particles to cool through natural
radiation. These particles of fissile mass will then be naturally ionized and channeled into a
beam and funneled out the rear as thrust. By bypassing the conversion of this energy into
electricity (from kinetic energy into heat, then heat to electricity, which negates roughly 50% of
the efficiency), this design can deliver efficiencies of up to 90%. The magnetic field would be
designed weak enough as to not affect the motion of the dust particles, but enough to channel
them into the beam that propels them outwards. This combination would create exhaust
velocities of between .03c-.05c. Utilizing equation 2a:
𝐼YZ = 𝑉\ /𝑔\

… (2a)

We gather our Isp of 916,796.51s - 1,527,994.2s, which comparatively to the former design of
100,000 Isp, is considerably more efficient. This could theoretically place us at Alpha Centauri’s
doorstep in 87.34 - 145.57 years. This is a very manageable timetable in regards to a negligible
wait time to create and an efficient system that only requires materials known today.

1.4 Pion Rockets (Antimatter)
Antimatter drives are likely the farthest off future tech that seems achievable based on
current understanding and engineering prowess. One of the biggest problems with many of
these energy sources is the ability to be efficient. The ability to convert mass to energy, energy
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density, is usually the most limiting factor in our rockets. Pion rockets use the most efficient
energy source we currently understand. Annihilated protons and antiprotons create positive and
negative pions and photons that push out the back at the speed of light (with the aid of
magnets). This converts the majority of rest mass into energy for thrust. Thus we can rush
through the cosmos at intensely high speeds.

1.4.1 What Is Antimatter and How Can It Provide Energy for Thrust?
Antimatter [29] is matter’s counterpart – almost completely the same as matter except
due to charge and some quantum properties. These antimatter particles are naturally created in
cosmic ray collisions and specific types of radioactive decay; yet, these can be created in
manmade particle accelerators, like the Large Hadron Collider operated by CERN. [30]
However, these have only been created in incredibly small quantities, nanograms (10^-9
grams). Herein lies the challenge in producing these antiparticles: our universe is created by
particles of matter, and when an antimatter proton interacts with its counterpart, matter, they
annihilate each other, releasing energy into pions and photons at near light speed. These pions
are where the energy can be manipulated – as they have strong magnetic charges, they can be,
essentially, thrown out the back by magnets, creating thrust. These pions convert most of their
rest mass into energy. Thus, these pion rockets would have a much higher energy density and
would be more efficient than any of the previously discussed rocket designs – as most of the
previous rockets discussed hold most of their mass in fuel.

1.4.2 Issues That Need To Be Addressed To Create These Pion Rockets
When protons and antiprotons meet, the reaction creates pions moving at near light
speed; should these pions be funneled out the back of the rocket through a channeling
magnetic nozzle, we can produce immense amounts of thrust. According to PBS Spacetime,
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“This thrust could theoretically reach speeds upwards of 0.5c-0.8c” [31]. This is due to the
roughly 50x greater energy density than that of our fusion reactor calculations. For reference,
analytically, with just 10 grams of antimatter, we could reach Mars in a month. Thus the main
limit to our design is the amount of propellant we can create. Therein lies the main challenge to
this design, in that the creation and storage of protons and antiprotons is wildly challenging.
At CERN, the European Organization for Nuclear Research, they have created low
levels of antiprotons in particle accelerators (roughly 1 nanogram). There are also Antiproton
Accumulator Centers at Fermilab.

Figure 1.19: Visual Representation of Matter and Antimatter Creation and Annihilation [cc: Of
Particular Significance]

They use these particle accelerators and colliders to collide protons at high energies.
Yet, the collection of these protons and antiprotons are incredibly expensive and slow. At
Fermilab, the entirety of their creation and storage, since its inception in 1967, of antiprotons
add up to roughly 15 nanograms. In order to create our Pion Rockets that will propel us across
the stars, we’d need kilograms, thus we would need to scale up the production and storage of
this antimatter by scales of trillions.
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For the time being the concept is structurally sound and could easily be the most
efficient and effective forms of interstellar travel. Due to this efficiency and theoretical speeds,
we could achieve speeds where Einstein’s Theory of Relativity comes into play—that is time
dilation. Shown in equation (11) we can see that the perspective of those aboard these Pion
Rockets would see relatively quicker experiences than those on Earth. This means that we may
no longer need the generations of humans aboard these missions to achieve successful
missions. For reference, say that our ship was to be able to achieve 0.7c, or 70% the speed of
light, using our equation (11), we can see that our time from the astronaut’s perspective comes
down to 4.46 years:
𝑡′ =

𝑡‡
¦1 − 𝑣 = /𝑐 =

𝑊ℎ𝑒𝑟𝑒 𝑡′ = 4.367𝑙𝑦/0.7𝑐 = 6.24 𝑦𝑒𝑎𝑟𝑠
𝑣 = 0.7 ∗ 3.0 ∗ 10… 𝑚/𝑠 = 2.098 ∗ 10… 𝑚/𝑠
→ 6.24 𝑦𝑒𝑎𝑟𝑠 = 𝑡‡ /(¦1 − (2.098 ∗ 10… )= /(3.0 ∗ 10… )=
→ 𝑡‡ = 4.46 𝑦𝑒𝑎𝑟𝑠 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑎𝑠𝑡𝑟𝑜𝑛𝑎𝑢𝑡𝑠 𝑝𝑒𝑟𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒
With the Pion Rocket being as energy efficient and scalable, it would seem that this
would be the option to strive for; yet, the challenge lies in the creation of the propellant and we
just may be farther away and require more advancements in antiproton production in storage for
this to be the most viable in the near term sense of production. But, conceptually this has been
proven and shown to be a really well designed propulsion system.
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1.5 Black Hole Drives
1.5.1 What is a Black Hole?
When thinking of cool space phenomenon, one of the first to come to mind has to be black
holes. Many have heard of it, but not many understand what it truly is. A black hole occurs when
a neutron star gains enough mass so that the Pauli Exclusion Principle is broken. Stars have
progressions in their life with branching possibilities – lower mass gases gather and stick to one
another to form solid matter, then those collide with others to form asteroids, then these asteroids
collide and combine to form planets. From these planets mass is gathered to form larger and
larger mass planets, until immense pressures due to gravity force the core of the star to begin
fusing the molecules together – this is where the lower mass stars begin. From here, stars collect
more and more mass and become classified from dwarf, to giant, to supergiant. Eventually the
star will run out of fuel to fuse together and will begin its death cycle. The star can then collapse
into itself and either explode into a supernova and expel all the matter back into the universe
creating a nebula, or it can collapse into a neutron star. These neutron stars are given their name
for the fact that protons and neutrons are ripped apart from one another into their base states of
neutrons – these stars are postulated to be the densest things in the universe and that if one were
to be able to withstand the immense gravity, one could walk on the surface of neutrons. From
here, these are the most massive forms of stars and the densest, but should they collect more
matter and garner more gravity, they can break a law of physics and collapse themselves into a
black hole. The Pauli Exclusion Principle states that two fermions cannot occupy the same
quantum state – in layman's terms, it means that matter cannot occupy the same space. Press
your fingers together as hard as you can and regardless of how close your fingers are, they will
have space between their neutrons. Here, this law is broken and the star becomes so massive,
and the gravity so powerful, that matter begins to occupy the same state. This causes a collapse
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into a black hole where matter, light, and nothing else can escape the gravitational pull. These
are immensely massive objects that hold density beyond anything else in space. However, they
are not eternal, they do radiate their energy in the form of Hawking Radiation. This is how we
would begin to manipulate them for our purposes.

1.5.2 How Can We Manipulate Black Holes to Propel Us to the Stars?
When traveling deeper into the realms of science fiction, it is a bit harder to detect the
concept's viability as a true source of interstellar travel. That being said, this technology may fall
further along the lines of science fiction in that the likelihood of us creating the Kugelblitz engine
is so far off in the future that it may as well be science fiction; yet, that being said, it has all the
underlying science to quantify it in principle as something that should legitimately be identified as
a potential source of interstellar propulsion.
The Kugelblitz Engine is a black hole creation device made from light. Should we use
strong enough lasers with specific energy density, aimed at a small enough space, we could
bend the fabric of spacetime—creating a blackhole. Manipulating the size of this black hole we
could theoretically utilize the power of the Hawking radiation as a major source of power for the
propulsion of our interstellar engine. According to PBS [31], a blackhole around the size of

Figure 1.20: Hawking Radiation and How Particles React to Gravity Wells [cc: Scholarpedia]
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600 billion kilograms, after collapse, sizing in around the size of a single proton, would be
sufficient. Should we miss on either side of the sizing, we would have problems though.
Creating a black hole too big would radiate hawking radiation too weakly and be too hard to
feasibly move along with your starship; while, creating a singularity too small would radiate too
quickly and consume itself too rapidly. But, in the event the singularity is created to the sufficient
size, it would radiate 160 petawatts, roughly 10,000x the world’s power consumption. A proton
sized blackhole would radiate for roughly 3.5 years powering a ship to 0.1c in 20 days and a
solid portion of the speed of light in its lifetime.
This design is incredibly cool and theoretically sound, but the problem is the lasers would
need to be even more powerful than the blackhole itself. Thus, we seem to be a long way from
optimizing lasers to reach the potential of that amount of energy. This engine is feasible but a
very far away technology.

1.6 Far Future Tech Possibilities
“Magic’s just science that we don’t understand yet.”
-

Arthur C. Clarke

Moving away from that of deep fundamental understanding and likelihood, stems the
ideas that need to be mentioned, but highly unlikely, proposed, unless immense changes in our
fundamental understanding of the universe are realized. Here we have the deep realms of
science fiction that have the slight possibility of viability. Let it be noted that these are not even
among the rational choices for attempts to create these rockets, anytime in the near or relative
future. These are, for all intents and purposes, side notes that should be looked at if
fundamental changes to our understanding are achieved -- more fun and hopeful than practical
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at the moment. Say, we somehow manage to combine our fundamental understanding of
Newtonian physics with quantum mechanics, maybe come back and see if something changes
with these.

1.6.1 Alcubierre Warp Drive
Warp Drives are incredibly well known technologies in science fiction – popularized in Star
Trek, the engines warp the fabric of spacetime around the ship allowing for superluminal (faster
than light) travel. Normally, Einstein’s Theory states that an object of mass has the cosmic speed
limit of the speed of light; yet, solutions to Einstein’s Theories have been solved with warped fields
of spacetime which allow for the distance to be manipulated changing the speed, thus allowing
the theory to remain sound in that the objects wouldn’t be traveling through the space, as much
as the space to be traveling through it. The viewer on the ship would likely feel no acceleration as
it’s the space around the ship that is being manipulated rather than the ship being propelled
through space.
This concept is a little challenging to examine as its wholly theoretical solutions to
Einstein’s General Relativity equations being solved to form this distinct bubble-like formation.
NASA has granted funding to Eagleworks Laboratory to study the effects of warping of
spacetime, like that around a black hole and proposed quantum vacuum plasma thrusters. So the
theory and money is there, but the technology is unfathomable currently. It would solve many
issues in the challenges of space exploration to go faster than the speed of light, but the
engineering and technological sides of it are far, far behind the creation of such an engine.
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Figure 1.21: How Warp Fields Would Work Through the Bending of the Fabric of Spacetime
[cc: Elixir Of Knowledge]

1.6.2 FTL Viability
F.aster T.han L.ight travel is a concept that breaks the cosmic speed limit of matter. This
is very challenging as it would defy so many of our current understandings of physics. Yet, it
should be noted that only the fundamentals have been laid out to the theory of this and it has
been extensively used in science fiction. As this breaks the cosmic speed limit, it would break
causality, which is the linear understanding of time and the cause and effect of our universe.
The math postulates, from Einstein's Theory of Relativity, that should we exceed the speed of
light, we would essentially be traveling backwards in time. This time travel would break causality
and the fundamental understanding of the universe. So for this one, should we be able to travel
through time, I think space travel might be on the backburner in terms of importance. Though
interestingly enough, clusters of galaxies, ours being the local cluster, are moving away from
one another, in relative rates, faster than the speed of light. So unless we crack the challenges
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of traveling faster than the speed of light, we would be locked into a prison of only the local
cluster of galaxies for our exploration and expansion. So, inevitably, should we get to this stage
of existence, it will be a puzzle for our great, great, great, great, great, grandchildren’s,
grandchildren’s, grandchildren’s to solve.

1.6.3 Wormhole Creation
Wormholes [32] are bridges between distant amounts of space. They have been
postulated as, once again, special solutions to Einstein’s equations. Through special solutions
of the field equations, causality is kept in check, while a bridge in spacetime is created. In
essence, spacetime folds upon itself and a tunnel is created between distant points, where
billions of miles could be traversed in instants, while still traveling at subluminal rates. This
tunnel has been denoted as an

Figure 1.22: Visual Representation of How Wormholes Traverse Distance of Spacetime [cc:
Panzi - Wikipedia]

Einstein-Rosen Bridge. Once again, we have come across an instance of science that is
checked out in theory and math, but has yet to be observed in reality. There are no known
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Einstein-Rosen Bridges that we have observed and there are theories that these would be
dense like black holes and would require exotic matter to traverse. Many of the physicists that
have theorized these phenomena postulate that these wormholes are essentially projections of
the fourth-dimension – they could be bridges across galaxies, meters, or even multiverses.
Observation of one of these would be possibly the greatest scientific finding of the human race,
as it could define that our world is boxed in with dimensionality and the plausibility of multiversal
existence.
Kip Thorne and Stephen Hawking have proposed traversable wormholes. These are
through the solution of field equations and quantum mechanics called the Casimir Effect. This
effect mathematically creates negative energy densities. This is where Thorne and Hawking
have postulated that this could stabilize wormholes, allowing for them to exist and be
traversable, even though they may have collapsible densities.
With this being all hypothesized, there are many of the world’s greatest minds looking for
these events and attempting to understand the math of it, but it is entirely luck dependent. As
these events are not naturally occurring, as far as we know, and require finding one or creating
one, it is so far beyond our current understanding, that sheer amounts of luck are required in
utilizing these. They can go 5 meters, 10 trillion trillion kilometers, or into another dimension,
and we have no feasible way of controlling these, so even if found, they could be useless. So it
is exciting and hopeful stuff, but still not the answer we currently seek.

1.6.4 Teleportation
The ever present answer in science fiction is to convenience the hell out of it. As it's a
show or movie, it doesn’t always require science to follow it. The constant answer to distance
and time for travel, is just teleport them there. There is very little to the science of instantaneous
transportation of matter, besides the effects in quantum mechanics. There are a couple of
phenomena that hint at the potential for transference of matter and teleportation.
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Firstly, there are the effects of the previously mentioned quantum entanglement.
Fundamentally, quantum entanglement is the inability of scientists to distinguish differences in
quantum state between objects – this basically means that the objects are linked and the same
as one another. Interactions have been shown to occur between one another simultaneously
independent of distance. Yet, herein lies the challenge, the action of observing and measuring
these interactions changes the effect of them, as it manipulates the findings. It causes, what is
known in quantum mechanics as the wavefunction, to collapse in on itself. This measuring and
interaction makes it rather challenging to observe and quantify. However, this interaction
between one another upon the collapse of the wave function hints at the idea of superliminal
information transfer, which is in essence, the idea of teleportation.

Figure 1.23: The Wavefunction and Diminishing Probability Away from the Center

Secondly, in quantum mechanics, there is a function known as quantum tunneling. [34]
To understand this function, there must be an understanding of quantum mechanics as a whole
- superposition and probability within the wavefunction. Superposition is the idea that quantum
states can simultaneously exist in multiple states. For example, say that in coding you can either
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be a 1 or a 0, either on or off. For quantum mechanics, states are allowed to be simultaneously
on and off, 1 and 0 – this causes probabilities to be a factor. The wavefunction shows position in
quantum realms is based on probability. A high likelihood of being in one position with a
dwindling probability of being farther away (as shown in figure 1.23 above). These states allow
for an observed function known as quantum tunneling. As shown in the figure below, from an
Oregon University presentation [34], we can see that the wave function has a certain probability
as a particle approaches the wall. When the electron touches the wall, there is a non-zero
probability in the wavefunction that the particle can exist beyond the wall. Thus, there are
moments where the electron escapes the environment and passes through the wall – this is
quantum tunneling and could be seen as spontaneous teleportation.

Figure 1.24: Quantum Tunneling Represented Through the Wavefunction [cc: University of
Oregon] [34]

These are in the barest infancies of conceptualization and have yet to show any
substantial evidence to be used in a practical, grander sense. Very cool ideas and can show
more viability in the future, but for now, it is no more than a pipe dream.
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Chapter 2: Design Specs and Feasibility of the
Shuttle
“We are limited only by our imagination and our will to act.”
-

Ron Garan

Even though now we have garnered understanding on the fuel sources that could send
us to the stars. We run into the trouble of constructing these vessels. They would require
immense amounts of collaboration and effort to make happen, along with, you know, feats of
engineering. So here, we will attempt to show how we will construct these vessels and what
materials, processes, and variables that must be accounted for.
As many of these vessels would require immense amounts of mass and size, we can
make the assumption for all of these that we should establish either a moon base or a space
station for construction. Otherwise the gravitational pull of Earth and the friction of the
atmosphere could cause too many issues for them to be constructed on Earth’s surface. Thus,
the prerequisite of a moon base or a space station can be assumed. However this in itself is a
leap forward – we currently have taken trips to the I.S.S. and the moon, so it would not be too
significant of a leap for us to manage more of these to assure the creation of our starships.

2.1 Materials for Construction, Protection, and Application and
How We Can Gather Them
“In theory, theory and practice are the same. In practice, they are not.”
-

Albert Einstein
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Following what we need to make and the design specs that we should adhere to, we
must analyze the viability of constructing said vessels. These are going to likely be behemoth
engineering structures and feats of engineering. This will require immense amounts of precision,
understanding of the variables that must be deeply analyzed, and the collection of massive
amounts of materials.
The environment of space is deadly on many different levels, putting the actual
construction of these vessels into question. How can we protect our shuttle from the unfettered
cosmic radiation of space? How can we regulate the temperature of our vessel in an
environment as cold as space? How can we gather the amount of materials that are required to
create such a monstrosity? How can we create an environment that is hospitable for life for a
long journey such as our own? These are all valid questions that require answers and we will
begin to scratch the surface of finding our answers.

2.1.1 Space Mining
Due to the dwindling number of resources on Earth we may have to seek other means of
accruing material. This is where step by step processes can aid in our ascension to the stars.
Though we may have dwindling numbers of materials for usages on Earth, space has a rather
different manner of abundance. Materials abundant in different planets, moons, or asteroids can
aid us in our creation of such vessels and can offer lucrative funding opportunities for our
missions. The asteroid belt between Mars and Jupiter has many asteroids that could be
immensely helpful in the construction of such a massive vessel. We could even set up forward
operating bases between the Earth and the Belt to aid in the collecting of these rocks.
One of the major perks of establishing a base on the moon, or even a forward operating
base on Mars, is that we can grab materials that are expensive and are growing in rarity on
Earth and harvest them. Nickel, iron, cobalt, platinum, aluminum, gold, and magnesium have all
been identified from near earth asteroids. The estimated value of many of these asteroids
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ranges from $700 million dollars (101955 Bennu) to $5.57 trillion dollars (1943 Anteros) [38].
The materials on these rocks alone could be used to fund or create the projects at hand.
These bases could serve multifaceted purposes. These could fund economies and local
business endeavors in space, it could serve as a facilitator to creation of more bases and
colonization of planets within our solar system. It could also be a forward operating base for our
astronauts to launch and construct from with less limiting gravitational challenges. We can even
use the water from these asteroids to terraform Mars or supply the inhabitants of the base with
water for long periods of time. The possibilities are endless and only serve to further enhance
our quality of life for future civilizations. As far as necessities for this plan to work, space mining
seems to be one of the larger ideas that could truly enhance the viability of construction of these
engineering marvels.

2.1.2 Thermal Shielding
In space, thermal changes are rapid and extreme. As former NASA astronaut, Chris
Hadfield, explains the perils of being exposed to space unprotected, [35] “The shaded part of
you is exposed to the -250 degree vacuum of space but the other part that is exposed to the sun
is +250 degrees, at least, so it's gonna start burning and boiling. So it's like lying on a red hot
stove with a piece of dry ice on your back…even worse, your blood will boil…So simultaneously,
you’re going to freeze, boil, burn, get the bends, and not be able to breathe. So not a good way
to go.” Taking Colonel Hadfield for his experienced words, I believe it best to avoid space
unprotected. So for our ship, we must protect our passengers from the extreme environment
surrounding them.

2.1.2a What Are the Thermal Properties That Must Be Analyzed and How Can They
Affect Our Vessel?
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Thermal shielding is one of the primary concerns involved in ensuring our vessel is safe
for use. Each material we would use must be thoroughly checked to ensure it can withstand
extreme temperature changes and regulate the environment within. There are many variables
that must be analyzed when it comes to thermal properties: specific heat, thermal
conductivity, thermal expansion, melting point/heat resistance, thermal shock, thermal
diffusivity, thermal stresses, and thermo-elastic effect. These are all thermal properties of
materials that can have an effect in engineering and in accordance with an endeavor that is as
precise as ours, we must analyze any variables that can make a difference. These properties
and effects can cause stresses, fractures, failures, and instability; as well, if correct materials
are used, they can shield us from the harsh environments surrounding space and could ensure
the safety of our passengers aboard our vessel.
[36] NASA defines thermal shielding operations in two separate sections – active and
passive systems. Active systems are ones that actively cool or regulate the environment
through means of power. Passive systems innately regulate or negate certain aspects based on
their inherent thermal properties.

2.1.2b Passive Thermal Regulation Measures
Passive thermal regulation measures include paint/coating, tapes, MLI materials and
blanket fabrication, thermal straps, thermal interface materials and conductive gaskets, sun
shields, thermal louvers, deployable radiators, heat pipes, phase change materials, thermal
switches, and multifunctional thermal structures. [36] This sounds daunting when listing it out,
but it just comes from analyzing, in each of our systems, any way that thermal regulation can
come into play.
Many of our passive factors will already play into our grand design. Should we utilize a
rotating system, which is highlighted in section 2.2.2, it could passively cool or warm our
systems during phases passing stars. As well, minute details like the paint detail to our ship can
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change our passive thermal efficiency – as thermal radiation occurs between the 0.1 and 100
micrometer wavelengths, we can manipulate it through our visible light spectrum. Depending on
the requirements for our system, we could utilize either ends of the visible spectrum. Matte
black paint would absorb high percentages of solar and infrared radiation; whereas, conversely,
matte white paint would have low solar absorption rates. Thus, if we are attempting to contain or
divert more heat, we could paint our system a certain way. This also applies to tape that can be
easily and cheaply applied to our vessel.
Multi-layer insulation can be fabricated in the form of blankets and can be composed of
layers of distinctly purposeful material – layers of low emissivity material and more durable outer
edges. As these blankets control heat better in the center of the construct (as the edges allow
for a bit of a heat transference) it tends to be more effective on larger scale systems.
Thermal straps create links between heat sources and heat sinks to allow for heat
transfer. These typically tend to be composed of flexible layers of metal such as copper,
aluminum, or graphite. Their purpose usually isolates high heat dissipating components and our
systems walls. This is smaller along the scales of thermal regulation, but goes to show that
every system requires regulation. NASA highlights “Pyrovo Pyrolytic Graphite Film (PGF)
thermal straps developed by Thermotive have already flown in optical cooling applications for
high altitude cameras and avionics on larger spacecraft. The specific thermal conductivity of this
material has been shown to be 10x better than aluminum and 20x better than copper”. As well,
other thermal interface materials and conductive gaskets can come into play to allow for greater
transference of thermal conduction. These are typically made of sheet materials sandwiched
between components – say to incur greater transference from the chassis and electronics that
require cooling.
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Deployable devices can be launched or extended to regulate the amount of heat
captured by our vessel. Sunshields – basically the same as the ones for your car, but adapted
for spacecraft – and thermal louvers – thermal regulating shutters that can control the amount of
IR emissivity leaking through – can highlight the regulation of

Figure 2.1: Thermal Louvers and How They Would Be Deployed [NASA]

thermal transference between stars and our craft. These can utilize materials with high levels of
thermal conduction to, in a sense, soak up the heat and regulate how much passes between the
heat source and our vessel. Thermal radiators can also be deployed and can contrast our
previous deployable devices. These will soak the heat and distribute it throughout our system
when required.
All of these devices along with more intricate thermal regulation systems such as heat
pipes, phase change materials, thermal switches, and multifunctional thermal structures all go
toward balance. These show that, in an environment of extrema, we require balance in both
directions – some heat must be added and subtracted at times. We, as humans, tend to require
a small range of temperature distribution and that will require all of our systems to regulate each
minute detail of thermal changes.
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2.1.2c Active Thermal Regulation Measures
Active thermal regulation measures, as they require the use of power, include heaters,
cryocoolers, thermoelectric coolers, fluid loops, and active thermal architecture. [36] These will
need to be slightly more regulated as these are not single expenses in creation of our vessel.
These systems will require active power to be utilized from our vessel and thus, since our power
is a valuable commodity, will need to be carefully analyzed as only necessary and efficient
systems.
Electric heaters tend to be used for systems that require more temperature regulation
than other areas. Kapton heaters, in conjunction with temperature sensors, relate systems with
more narrow temperature limits, such as battery based systems. Recirculation and heating of
our air in HVAC systems can be used to regulate our interior environmental temperature, as
well. In a converse sense, we can also utilize active cryocoolers for instrumentation subsystems
that require cooling typically below 100K. In [36] NASA details a cryocooler developed for UltraLow Power design, “The cryocooler includes a cryogenic compressor, a recuperative heat
exchanger, and a turboalternator. The continuous flow nature of the cycle allows the cycle gas
to be transported from the compressor outlet to a heat rejection radiator at the warm end of the
cryocooler and from the turboalternator outlet to the object to be cooled at the cold end of the
cryocooler. This cryocooler is designed to operate at cold end temperatures of 30 to 70K, with
loads of up to 3 W, and heat rejection temperatures of up to 210K by changing only the charge
pressure and turbo machine operating speeds.”
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Figure 2.2: Cryocooler Designs and Their Respective Component Setup [NASA] [36]

Another active system for cooling, in thermoelectric coolers, utilizes the Peltier effect.
These use heat pumps and heat exchangers to dissipate heat. When active, current is induced
to the system to create temperature differentials between surfaces. This can be used
directionally to activate one side into a cooling effect and the other in a heating effect.
Next, not too dissimilar to the ones used in high end computers, fluid loops can be used
for temperature relation. This utilizes forced fluid convection through the loop of liquid between
states of heat sinks and sources. The time between will allow for continuous cooling of our
system in question. Currently, Lockheed Martin is developing low mass circulator pumps that
can be used for these systems.
These can all be implemented into the considerations for design of our vessel. This is in
the vein of active thermal architecture. Knowing how these systems work and our measures for
controlling our environment and our system, we can use this knowledge to design our vessel
with advantageous setup for our systems to be utilized to their fullest capabilities.
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2.1.3 Radiation Shielding
[37] Space has many terrifying properties that can be seen, but the ones that are unseen
scare me the most. Most electromagnetic waves pass through us on a daily basis and cause no
effect on our body – from the long wave emissions of radio waves to the visible light spectrum.
Though most of the rays run through us without any problems, the higher along the scale of
energy, as shown in the figure below, the greater the risk of harmful effects become.

Figure 2.3: Graphical Representation of Wavelength and Energy [NASA]

Have you ever wondered why they place those heavy padded bibs on you when you get x-rays
at the dentist? It is to ensure that we don’t induce ourselves with any unnecessary exposure to
radiation, or more high energy electromagnetic waves. On a daily basis, our planet shields us
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from most harmful rays that go unabated in space; this is due to the magnetosphere of our
planet. The same thing that helps create the beautiful northern lights, (ionized particles from the
sun interacting with our magnetosphere and causing it to collapse upon itself) also helps defend
us against these high energy particles.
The human body is fragile in terms of the callousness of space. NASA details the risks of
incurring too much radiation while in space: [40] “Beyond Low Earth Orbit, space radiation may
place astronauts at significant risk for radiation sickness, and increased lifetime risk for cancer,
central nervous system effects, and degenerative diseases. Research studies of exposure in
various doses and strengths of radiation provide strong evidence that cancer and degenerative
diseases are to be expected from exposures to galactic cosmic rays or solar particle events.
Milli-Sievert is a form of measurement used for radiation. Astronauts are exposed to ionizing
radiation with effective doses in the range from 50 to 2,000 mSv. 1 mSv of ionizing radiation is
equivalent to about three chest x-rays. So that’s like if you were to have 150 to 6,000 chest xrays.” While in space, we have to watch out for three different kinds of radiation: particles
trapped in Earth’s magnetic field (which will be less dangerous as our ventures will occur far
from the Earth’s field, particles that are shot into space from solar flares, and galactic cosmic
rays. These atoms are stripped of their electrons (ionizing the particles) causing them to
become, solely, nuclei of atoms, hurtling through space at the speed of light.
Luckily for us, it is not just the wild west out in space, where we can get drawn on by
these particles, we have ways to block these dangerous particles from entering our vessel.
Radiation shielding is based on the principle of attenuation – this is the ability of a constructed
material to reduce a wave’s harmful effects by blocking or bouncing the particles when they
interact with the material causing them to lose energy. Specific materials have greater ability to
protect us from radiation than others, yet herein lies the challenge. These materials tend to be
heavier and denser than that of the commonly used aluminum for space applications. As weight
of our vessel is a major factor, this becomes a quandary.
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In accelerator and reactors on earth, lead lined material is often used for protection
against the harmful effects of being in close proximity to such high energy radiation; but, lead is
very dense (11.34 g/cm^3 – compared to aluminum’s 2.70 g/cm^3) and thus becomes very
heavy when used on grand scales, and is less abundant than that of aluminum (82,000 parts
per million [8.23% of earth’s crust] vs. lead’s 14 parts per million [0.0014% of earth’s crust]. (Not
to be mistaken, lead is the third most abundant metal on Earth behind aluminum and iron; but
regardless the margin of difference is something to be noted.) So, we must look at all of our
options for material choice and construction that will allow us to protect our pioneers aboard our
vessel.

2.1.3a Passive Radiation Shielding Based on Material
One such experiment, published in May of 2017 [42] presents the study of materials that
were allowed aboard the I.S.S. for experimentation. This study attempts to show the shielding
capabilities of Kevlar against the current standard of polyethylene. As presented by Livio Narici,
from the department of physics for the University of Rome, “We present here the results of the
first space-test on Kevlar and Polyethylene radiation shielding capabilities including direct
measurements of the background baseline (no shield). Measurements are performed on-board
of the International Space Station (Columbus modulus) during the ALTEA-shield ESA
sponsored program. For the first time the shielding capability of such materials has been tested
in a radiation environment similar to the deep-space one, thanks to the feature of the ALTEA
system, which allows to select only high latitude orbital tracts of the International Space Station.”
The ALTEA-shield program, or Anomalous Long Term Effects on Astronauts, is designated to
study the cosmic rays and their effects on astronauts with experiments aboard the I.S.S..
Testing is only done at the high latitude orbital portions of the flight path of the I.S.S. This allows
for the simulation of rather close to deep space conditions – or at least the closest we can get
within our bounds today.
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Through rigorous and consistent testing methods, highlighted in the journal further, the
conclusion is presented that dose equivalent rates, comparatively, between kevlar and
polyethylene are comparable. Shown in figures 2.4 and 2.5, from the journal by Narici [42], the
dose equivalent rates between kevlar and polyethylene are similar enough to be offered as a
substitute. With dose rates decreasing at 32% reduction at 5 g/cm^2 density and 55% reduction
at 10 g/cm^2, the efficacy of kevlar becomes a proven commodity. The beauty of this being
proven is that kevlar, as a fabric, rather than a metal or composite material like polyethylene,
can be flexible and durable (as it's used in military applications for bulletproof vests). Thus, we
can add this as a layer to our space shuttle as an outer or inner lining for added protection,
along with the material of our hull, which highlighted below, can add another layer of absorption
for these high energy particles.

63

Figure 2.4: Dose Rate and Dose Equivalent Rate Spectra [42]
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Figure 2.5: Dose Rate and Dose Rate Equivalent for Kevlar vs. Polyethylene [Narici (2017)]
[42]

The outer layer of kevlar is meant to serve as additional protection on top of the natural
protection of our vessel due to the material choice our vessel is created out of. As for these
materials, we can look at the commonly used materials for space applications, like aluminum
and hydrides. A similar research paper was done on the dosage equivalents for composites and
materials for construction of space vehicles. [43] The findings showed that aluminum, while a
rather light and functional material for space applications, fails to provide much of a protection
against radiation. Comparatively against all other tested materials, aluminum allowed the
highest dose equivalent against all tested GCR-like (galactic cosmic radiation) energies. As
shown in figure 2.6 from the article [43], we can see that the composite material of
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tested incredibly well, even surpassing the current gold standard of polyethylene by 1.2x
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efficiency. However, the likeliest possibilities for construction result in the carbon fiber composite
materials and SiC (Silicon-carbide) plastics hold strong material strengths for fabrication, as well
as toting a 1.9x efficiency in radiation shielding compared to the commonly used aluminums.

Figure 2.6: Scatter Plots of the Stopping Power Parameter and Fragmentation Cross Section
Parameter and the Effective Dose Equivalent Behind of the Target Materials of 20 g/cm2 for 1
GeV/n Fe Beam Simulations [43]
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2.1.3b. Active Radiation Shielding
Along with our passive conditions of material choices for construction and shielding, we
have theoretical presentations of active radiation shielding measures. The active measures
follow suit in the ideology of creating similar conditions to earth aboard our vessel. Should we
create an active electromagnetic field around our vessel, it could offer deterrence measures
similar to that of the earth. However, the creation of such a magnetic field could pose rather
challenging. These superconducting magnets offer protection measures, but at the cost of
weight, cooling measures, and power input to the system at large.
A collaborative report done by various people highlights the “Superconductive Magnet
for Radiation Shielding for Human Spacecraft” [44]. This report shows the difficulties presented
by creation of these active measures. Multiple designs show the differences in toroidal (donutlike) superconductor construction and the offered protection, along with other important factors
that must be taken into account. Figure 2.7 highlights the differences presented.

Figure 2.7: Summary of Previous Studies on Toroidal Magnetic Shield System [Battison
(2012)] [44]
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Depending on the construction and the material mass, we can delineate the shielded volume
and the resultant dosage in rem/year to be expected with the configuration. As we can see with
the represented configuration for the Choutko configuration (figure 2.8), this could offer excess
protection at limited weight cost in areas that are often inhabited, to limit the exposure. For
example, if we would incorporate these toroidal superconductors in our sleeping quarters, we
could offer excess protection along with our passive systems, for an estimated ⅓ (8 hours) of
our day. This could significantly limit our exposure while we sleep and overall while we are
aboard our vessel.

Figure 2.8: The AMS Collaboration Configuration of Toroidal Superconductor (Choutko)
[Battison (2012)] [44]

Otherwise, our other two designs would be incorporated within our more widespread
systems – as the protected volume increases significantly. However these systems could
increase our weight load significantly and with every pound mattering, I would say that these
systems should be noted, but likely not used, unless weight isn’t an issue.
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2.2 Artificial Gravity
The human body is resilient, but also rather fragile. We are used to the effects of gravity
on the body and the accompanying requirements of our muscles and bones to endure the pull of
our planet. The weightless nature of space and zero gravity can have its regressive and
challenging effects on the human body. [39] As analyzed by our astronauts on the I.S.S., we
have done studies on the effects of short term and, relatively, long term exposure to
weightlessness. In the short term, space adaptation syndrome, or space sickness, has been
shown to cause nausea and vertigo as the vestibular system (the sensory system in the inner
ear known for balance) of the body is thrown into imbalance. These effects are often temporary
and will be reduced and negated once the body is reacclimated to the effects of gravity.
However, long term exposure can often have more long term effects on the body. Over
time, astronauts have been shown to incur muscle atrophy and bone density loss due to
weightlessness. This muscular atrophy can have an effect on the cardiovascular system, as the
heart is, in itself, a muscle - as well, the human body has countermeasures to balance the
effects of gravity. As the lower body would have more blood, the body counters that to send
more blood to the upper half – this effect has a counterintuitive impact while in the
weightlessness of space. More blood is pushed to the upper half of the body and astronauts
have been known to experience a sort of “puffiness” due to this redistribution of fluids.
Redistribution of fluids has also shown to have effects on vision and even odd effects on sense
of taste. The main issues of long term exposure lie in the effects on muscular atrophy and bone
density loss. These can cause severe issues when returning to the effects of gravity, as bones
can break due to stress, or muscles could sever due to strain.
In order to combat this, astronauts aboard the I.S.S. must adhere to regimented workout
plans to ensure atrophy doesn’t occur. For our long term endeavors throughout the stars, we
can either adhere to these weightless standards or we can engineer a solution. Currently, we
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can’t just flip a switch and turn gravity on, but there are ways to create a similar effect. As
gravity is just a force, we can enact such a force on our bodies through different means. We
have a few options on how we can design our craft to simulate our environment on Earth.

2.2.1 Vertical Creation with Constant Acceleration at 9.81 m/s^2
Simple enough on an initial design is the force that is felt due to acceleration. That
feeling of being pushed back into your seat when accelerating in your car, or when a plane
takes off – imagine that feeling but applied constantly. Should we design our ship in a vertical
manner, like a building, with levels stacked one upon another, with our propulsion system on the
basement level pushing upwards on our building. This would enact an equal and opposite effect
on our bodies, simulating a push down like gravity. This could be done for the initial half of the
journey and then the ship could be flipped and slowed down at the same rate on the approach.
This would hypothetically work in regards to ensuring a uniform gravitational pull within our ship,
however, it comes with inherent issues. This would limit our ability to accelerate at our fastest
pace, erasing the ability to minimize trip times. This would also require immense amounts of
force to be constantly applied to our vessel, requiring a rather constant source of propulsion. As
many of our propulsion options require pulse blast-like jolts of acceleration, this would be a
challenging option.

2.2.2 Gravity Induced by Rotation
Another such artificial gravity takes us back to our childhood. Do you remember the ride
at the carnival called, The Gravitron? Yes. The one that spins really, really fast and pins you up
against the wall – yes, that one! That could actually be a solution to our complex problem here.
Should we take our system and spin it fast enough we could simulate a force that pins us
against the wall with the same force of gravity on Earth. This force is called centrifugal force; it is
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the force in rotation that pushes outwards. Thus, if we were to create a Gravitron-like ring
around our vessel and spin it fast enough we have a sense of gravity.
This rotating gravity can be calculated with simple equation 12:

𝑔 = 𝑟 ∗ 𝜔= . . . (12)

This simple equation can show us our force based on two simple factors, radius and angular
velocity – basically how large the ring around our ship would be and how fast our ring is
spinning. This seems a little too simple in that with a system that requires so many variables
accounted for, this would surely not be the only things that need to be accounted for – and in
that, you are correct. Should we create a ring too small, we would induce ourselves to a sense
of vertigo. Our vestibular system is rather delicate and our balance can be thrown off rather
easily when there is no up and down, and suddenly we’re spinning. Should you design a vessel
that is too small and spins really fast, you can cause a weird coriolis effect on our passengers.
Say, for example, we create a 20m wide (in diameter) ring with a speed of 1 radians/sec (about
9.55 revolutions per minute). The average person is roughly 1.6-1.7 meters in height. So let's do
some calculations. The difference between our feet and our head in this sense with a 10-m
radius is rather substantial:
𝑔 = 𝑟 ∗ 𝜔=
𝐻𝑒𝑎𝑑: 𝑔 = 8.4 𝑚 ∗ 1= 𝑟𝑎𝑑/𝑠 = 8.4 𝑚/𝑠 =
𝐹𝑒𝑒𝑡: 𝑔 = 10.0 𝑚 ∗ 1= 𝑟𝑎𝑑/𝑠 = 10.0 𝑚/𝑠 =

This is a substantial difference in the feeling of gravity between the head and the feet. This can
cause a person to get thrown off in their balance with their vestibular system when walking.
Thus we need to create a system where the difference between the head and the feet of the
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person doesn’t become something that causes problems. This is where we need to find a happy
medium, because if you were to create a system too large, the engineering of such a vessel
runs into too many problems – the mechanical stresses become too large for our materials or
the material cost becomes too expensive. [41]
Also to be noted, depending on the direction our passengers move relative to the
rotation of our vessel, they could experience more or less intense forces as they would
technically be adding to angular velocity or subtracting from it, changing the forces on our
passengers. Thus, we must create a ring radius large enough that the percent of our height
against the radius is negligible.
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Table 2.1: Active Effects of Coriolis Based on Percent of Height and Running Speed
Ring Radius
(m)

Ring Speed
(rad/s)

Percent of
Height
(Percent of
height against
overall radius)

Effect of
Running Speed
(Adding or
subtracting
max speed to
rotational
force)*

Effective
Change in
Simulated
Gravity Based
on Direction of
Sprinter
(m/s^2)

20 m

0.707 rad/s or
6.751 rev/m

7.5% or +- 0.75
m/s^2

+-5.968 rev/m
(88.4%)

+
-

= 35.48
= 0.135

50 m

0.447 rad/s or
4.269 rev/m

3.0% or +-0.31
m/s^2

+-2.387 rev/m
(55.9%)

+
-

= 24.29
= 1.94

100 m

0.316 rad/s or
3.018 rev/m

1.5% or +-0.165
m/s^2

+-1.194 rev/m
(39.5%)

+
-

= 19.45
= 3.648

250 m

0.200 rad/s or
1.910 rev/m

0.6% or +-0.060
m/s^2

+-0.477 rev/m
(24.9%)

+
-

= 15.625
= 5.625

500 m

0.141 rad/s or
1.346 rev/m

0.3% or +-0.090
m/s^2

+-0.239 rev/m
(17.7%)

+
-

= 13.778
= 6.728

1000 m

0.100 rad/s or
0.955 rev/m

0.15% or +0.015 m/s^2

+-0.119 rev/m
(12.4%)

+
-

= 12.544
= 7.656

*Note: the sprinting speed used to calculate is based on the world record sprint speed of
Usain Bolt (~28 mph or 12.5 m/s)
*Note: conversion of m/s of our sprinters speed to rev/m is done with equation 13.

Based on the data gathered, the larger the ring, the less the effects of our rotation and our
movement aboard our vessel have on our gravity. Ideally, the changes are most negated above
500 m radius, I wouldn’t suggest anything lower. So our craft would be made with sections of
500+ m radius rings, where sprinting at your fastest speed would be ill advised.
A secondary option would be to create a design that configures our two options, where
the interior section of our ship is stacked vertically – like a building – with outer rings that spin.
The interior section would normally be zero gravity, unless in a current state of acceleration, and
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then the exterior ring portions could rotate. This would allow for sections to be created based on
their necessity for simulated gravity. As long as our bodies regularly become tested by this force
of gravity, atrophy would become less likely and practically deterred, unless long term stints in
the zero-gravity portion become regular. This would be ideal for a pulse blast situation where,
during certain times we would experience an acceleration force down on us, but other than that,
we would be experiencing our simulated gravity.
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Chapter 3: Additional Variables and Problems
that Must Be Incorporated in the Design
“It takes a planet to explore the universe”
-

Dylan Taylor

3.1 Time in Space
One of the greatest challenges that limit our travel through the cosmos involves
distance, speed, and time. The farther a system is away, the faster we must go to get there or
the longer it will take. We have yet to analyze the long term effects of zero gravity on the human
body. With this being such a foreign concept and one with very limited data on, we must take a
look at the possible effects that long term exposure to zero gravity and time in space may take
upon another person and how we might counter these issues. As well, we would likely have to
encounter a first situation for humanity – the first children not born on Earth.
○

Shuttle Deformation and Fatigue over time

3.1.1 Cryogenics
Aging is something that we have yet to conquer and death inevitably comes for us all.
This places a large question on the long term scales of space travel. How can we live long
enough to see our journey through? Many sci-fi novels and movies see the use of cryogenics as
a viable option. Cryogenics is the cooling of our bodies to suspend our current states and slow
the deterioration of our cells. Should our cells die, we die – and thus cryogenics is born.
However this science is more fiction than science at the current moment.
Work is currently being done at SpaceWorks Enterprises to create an environment of
essential stasis. [46] This is done by lowering the body's temperatures to slightly below 90
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degrees fahrenheit; this places the body in a mild hypothermic state, slowing all bodily functions.
Once placed here, they can apply sedatives to the subjects inducing a sense of hibernation for
our astronauts for weeks at a time. This could be done in rotations, so crews could be on and off
for weeks at a time. However the downside is this does nothing to stop the deterioration of aging
in cells. So it may make our journey shorter in the view of our passengers, but they would most
definitely not awaken upon reaching their destination.
As well, cryonics has been implemented to patients after death on Earth. This is where
bodies are drained of blood and fluid and pumped full of medical grade antifreeze – to prevent
crystallization of cells, killing them further. Then their bodies are placed in nitrogen tanks at 380
degrees below zero. This places the bodies in a stasis and prevents further damage to the cells
for when medicine can effectively reanimate the bodies. However this truly feels more like
wishful thinking in the fear of death – hoping to one day live in an Isaac Asimov book.
As all of this is sci-fi wishful thinking at the moment, we likely should look towards
generations living in space.

3.1.2 Space Babies
As our journey will likely take generations worth of time – unless grand technological
changes occur – we must make the decision of how we go about our time on this ship. We must
either suspend our aging, somehow, or continue our current standing of continuing the human
race, which will lead to our great question: what challenges will lie within conceiving in space?
There are many challenges to conception in space, starting from the very beginning.
Sperm cells require gravity migration and fertilization of the egg. Along with this, embryo
maturation requires consistent fluid flow through the mothers body and this is often thrown off
unless our gravity remains consistent. These are the initial issues that lie within just the
assurances of gravity. Should we utilize our systems to artificially create our gravity, we still may
run into issues with birth defects and other challenges for our youth. A study [45] done on
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pregnant rats taken to the I.S.S. for gestation, show the development of vestibular systems in
their children were greatly affected. This vestibular system, the cochlea of the inner ear, uses
fluid for balance and directional understanding. This was shown to be developmentally inhibited
by the effects of weightlessness.
Though our radiation shielding system would need to be great for our passengers, there
would still likely be certain levels of exposure. This radiation can lead to birth defect rates that
may spike greater than those on Earth. We have also never had an astronaut who is going
through puberty. This time is dire in the growth of humans and the question of how this could be
affected due to extra radiation and exposure to zero-gravity becomes large in importance. As
shown with children burdened by cancer and induced with large amounts of radiation for
chemotherapy, children exhibited stunted growth and potentially shorter life spans.
Along with adults, long term exposure to weightlessness can cause errant issues with
many fluid operations in the body. This includes something very important, our vision.
Astronauts that had been studied after long space flights found that they had fluid buildup in
their brains. This is due to the evolutionary correction for our body’s fluids to fight the effects of
gravity. Without it, fluids ran without detraction leading to excess buildup in places that were
corrected for. In this case, doctors found that astronauts' eyes were pressured by this excess
fluid in the brain causing compromising situations for their vision – flattening of the inner eye
and bulging optic nerves.
Additionally, overcorrection of the body's response to more fluid within the brain is an
idea of overcompensation of blood. It was found that we could lose up to 22% of our body's
natural state of blood levels in zero-g. [47] This could lead to weaker bodily systems such as
muscle atrophy – especially in the heart – and musculoskeletal deterioration and expansion
(since nothing is pushing down on them). This could lead to bone development deficiencies, not
unlike rickets, a brittle bone disorder.
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Figure 3.1: The Effects That Rickets Has on the Body and How the Skeleton Deforms

As well, vitamin D deficiencies would need to be corrected as we would not be getting
the same environmental conditions as we would on Earth. We would need to create foods and
other stimulants that could produce similar conditions as on Earth. This leads to the next
question. What would it be like to farm in space?

3.1.3 Space Farming, Water, and Oxygen
Have you ever wondered how the men and women aboard the I.S.S. get their oxygen to
breathe or how we would feed ourselves up in space? Many scientists have asked the same
questions and they’re hurdles that we must overcome in order to survive the long journey
aboard our vessel.
Our astronauts aboard the I.S.S. currently gather oxygen by the form of electrolysis –
this is the separation of water molecules to create breathable oxygen. [48] By separating the
hydrogen and oxygen molecules through chemical decomposition by passing an electric current
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through it, we can produce breathable oxygen from our H2O. This can be supplemented by our
space mining, as many of these asteroids have frozen water in the factors of tons aboard them.

Figure 3.2: Visual Representation of How Electrolysis Occurs [48]

Additionally, we can create oxygen the way we do on Earth, through photosynthesis of plants.
These plants could serve multipurpose functions aboard our vessel. They could create food,
feed livestock, and even produce our oxygen. However this is easier said than done. We must
look into the effects farming in space could have on these plants.
A few major problems arise when growing plants in space – farming without sunlight,
experiences of growing plants without the effects of gravity, chemical balances of the
environment (nitrogen rich soil), and water intake. Currently, operations in space show potential
for growing healthy plants. [49] Veggie, the I.S.S.’s Vegetable Production System, has created a
garden to analyze the effects of microgravity on plants. As plants require gravity to use its roots
to flow water through the system, they have been placed in clay beds, as water in space would
regularly drown the plants. With the absence of gravity the plants have oriented and guided their
growth through light. They have LEDs above them to support growth. They have grown lettuce,
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cabbage, mustard, kale, and zinnia flowers. Foods to be planted soon are peppers, tomatoes,
and berries.
An Advanced Plant Habitat (APH) has also been created aboard the I.S.S. This is a
growth chamber that is used similarly with clay to distribute water. However this system is more
monitored and analyzed with over 180 sensors. They studied Arabidopsis thaliana and dwarf
wheat. This research is intent on studying a protein in the plants called lignin, which is the
closest protein in relation to plants to bones in humans – giving structure and rigidity. Likely
aboard

Figure 3.3: Arabidopsis and Dwarf Wheat Growing in the APH Aboard the I.S.S. [NASA]

our vessel we will have several chambers for farming and plant growth to sustain our
civilization aboard our vessel for generations to come. Vertical integration, hydroponics, and
many more methods. All options are on the table, it's all just dependent on if gravity is involved.
Additionally we will require other forms of protein in our diet to remain strong and
healthy. This could be challenging as livestock tend to take up large amounts of food, water,
and other valuable resources that would be an immense commodity. However, we could utilize
these animals to be advantageous for us as well. Fish, for example, could create an ecosystem
of algae, which could give us sustenance, additional to that of the fish we could harvest. Cows
and chickens could give us fertilizer, eggs, and food. Bees would be required to germinate our
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plants effectively and they could produce honey for us. Our goal would be essentially to create
an environment and an ecology similar to that of Earth, especially since we would likely want to
inhabit the planet we are going to with the same species as Earth. A study done on mice aboard
the I.S.S. also found that in a surprising turn of events, living in microgravity didn’t confuse or
deter the rats. Rather, Laura Lewis of NASA’s Ames Institutional Animal and Care and Use
Committee stated, “Amazingly, they adapt very quickly. Within 5 minutes, mice are floating in
their living spaces, grooming themselves, and eating, just as they would on Earth.” [50]
Many more studies would have to be done, but from the research currently undergone
by the people of NASA, we can see that life is resilient. We can adapt and change and create a
new environment to live in. We also would need world class botanists, zoologists, hydrologists,
and farmers to accompany us aboard our vessel. Intensive calculations and studies would also
need to be done to find the minimal values of animals for population sustainability aboard our
vessel. Many things need to be taken into account but we do know the questions that need to
be asked and we have ways to solve these quandaries.
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Chapter 4: Thermonuclear Design, Model
Calculations, and Continuation of Existing
Thermonuclear Coding Calibration

Creation and design of these thermonuclear rockets are rather challenging to perceive.
Through the aid of an existing model, created by Dr. William Culbreth and PhD Candidate
Kimberly Gonzalez, we can analyze the output propulsion, heat transfer and cooling, and mass
flow rate of coolant. [55] [56] This model is based on the calculations and output results
gathered through the created and tested nuclear rocket, Peewee [51], of 1967 by the NERVA
program. The addition to the model we are going to analyze and build is the section highlighted
in red in Figure 4.1 – the coolant loop between the turbopump, DeLaval nozzle, reactor core,
beryllium reflectors, and the reactor entrance.

Figure 4.1: Diagram of the Reactor and the Coinciding Cooling Channels of H2 (cc: me)
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4.1 DeLaval Cooling Section and Associated Heat Transfer
[57] The specifically analyzed section in which I placed my input was in regards to the
cooling section between the turbopump, DeLaval nozzle, the reactor, the reflector, the chamber,
and the reactor entrance. (Between 3-9 on figure 4.1, shown in figure 4.2 below)

Figure 4.2: H2 Cooling Section of the DeLaval Nozzle and the Reactor (cc: me)

Within here, we have our input values that we can gather from PeeWee. [51] We have to
analyze separate sections within our system. As the design of the coolant system within the
DeLaval nozzle and the reactor will differ, as well as, will have separate interior and coolant
temperatures, we must split the analysis into separate sections. The first system will be the
DeLaval section, shown in figure 4.3.
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Figure 4.3: Cross-Sectional View of the Coolant Jacket Around the DeLaval Nozzle (cc: me)

The DeLaval nozzle is used to increase the thrust produced by decreasing the volume
and increasing the pressure. However the geometry for these nozzles on the end of the reactors
are a little complex and challenging to envision. There are three sections within the nozzle
(referred to within as the jacket) – The outer section of the nozzle which is made of Inconel 718
and is seen from the exterior, the middle portion (highlighted in blue in figure 4.3) which is
hollow and allows for the flow of the H2 coolant to run through the system, and the interior
section (also made from Inconel 718) which houses the section that interacts with the extreme
heated section of the exhaust.
For the purposes of the accompanying cooling, we must ensure that the interior section
of Inconel maintains a temperature that is below the melting temperature. For Inconel 718 this is
around 1500K, thus for safety will cool our system to 1400K. Due to increases in pressure and
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decrease in volume at the throat, this is where the greatest temperatures will be held. Thus, we
will design to ensure that at this point, the Inconel does not melt. These three portions that are
highlighted will gather many given constraints within the given material at the beginning of the
code – the inner radius of the throat, the thickness of the inconel wall along the interior section
(where conduction will occur), the outer radius of the throat, and the interior wall temperature.
As well, we can gather a few input constants that are from previous experiments that will gather
a baseline for our purposes. These will include the input mass flow rate from the turbopump
section of the system at 11.5 kg/s, the beginning temperature of the H2 from the
turbopump/tank side at roughly 20K, the reactor dimensions, and the length of the nozzle.
These can all be toyed with to gain optimal output within the system; however, we have all these
design constraints that are detailed from the input code below in the figure 4.4.

Figure 4.4: Starting Data and Constraints for Our DeLaval Nozzle Cooling System
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The overall goal of our code is to gather a system in which we can gather our outputs of
pump power required to cool the system, pressure drop across the system of coolant channels,
heat transfer across each section within the system, values for temperature distributions
throughout the cooling processes, and the heat flux across the system. This will occur in
different states of matter for the H2 coolant, as within the system, it will transfer between a liquid
and vapor state. As section one focuses wholly on these properties within the nozzle,
specifically at the throat, we can gather a bit more of an understanding of the heat transfer
processes, shown in figure 4.5.

Figure 4.5 : Visual Representation of Heat Transfer Within the DeLaval Nozzle (cc: me)

Here we can see a three stage process with a focus on the inner wall of the reactor. The
exterior of the nozzle will be exposed to the vacuum of space and as there are minimal
exchanges in space – mainly through radiation, for the purposes of this experiment we can
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assume that the exterior is insulated from the environment. Thus we can only look inwards for
the heat transfer of the inner wall. These three stages will occur in a convection-conductionconvection sequence between the inner throat H2 propellant, the inconel wall, and the coolant
H2 within the jacket. This is highlighted by an equation utilized from El-Wakil’s Nuclear Power
Engineering, slightly altered to fit our situation. [53]

𝑞³´¤ = 2𝜋 ⋅ (𝑅v + 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠v¶5´¶\· ) ⋅ 𝐿¶´¸¸·\ ⋅ ℎ¹º5_\¤ ⋅ (𝑇† − 𝑇» )
`½¾¤¿v5_¶\ÀÀ½ÁbÂÁÃÄ

= (2𝜋 ⋅ 𝑘¼º·· ⋅ 𝐿¶´¸¸·\ ⋅ (𝑇» − 𝑇¼º·· ))/𝑙𝑛(

`½

= 2𝜋 ⋅ 𝑅v ⋅ 𝐿¶´¸¸·\ ⋅ ℎ¤¿Å´º¤ ⋅ (𝑇¼º·· − 𝑇¤¿Å´º¤ )

… (14a)
)

… (14b)
… (14c)

Where qdot is going to be the overall heat flux of the system, Ri is going to be the
interior radius, thickness is the thickness of the wall, L is the length, h is the convective heat
transfer coefficient, Tf is the temperature of the fluid, Tb is the temperature on the coolant side
of the wall, kwall is the thermal conductivity of the inconel wall, Twall is the temperature of the
nozzle side of the wall, Tthroat is the temperature inside the throat.
As we have many of these variables shown, we can begin to solve our system of
equations. From here we can start by solving 14c, as we have all the parameters besides our
convective heat transfer coefficient within the throat. This is done through the equation for heat
transfer coefficient involving Nusselt number and subsequently the Dittus-Boelter equation for a
turbulent fluid. Shown in figure 4.6 below from the code (shown further in the appendix).
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Figure 4.6: Equations Utilized in the Code to Solve For Our Convective Heat Transfer
Coefficient Within the Throat of the Nozzle
Utilized within this code are curve fits found through the existing code for density, dynamic
viscosity, specific heat, and thermal conductivity of H2, all dependent on the temperature. As
there are extensive variations in temperature throughout the system (ranging from 20K to
2700K) it is imperative to use this variable as our input. These dynamic variables come into play
per section and will wholly vary based on the temperature of the corresponding H2.
At a temperature within the throat of 2700K, this will gather a resultant convective heat
transfer coefficient and heat flux shown below in figure 4.7.
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Figure 4.7: Resultant Heat Flux and Convective Heat Transfer Coefficient for the Throat

This will be repeated for the jacket section to gather an output coolant temperature across the
jacket system. The temperature dependent variables will change, as well as our hydraulic
diameter.

Figure 4.8: Resultant Convective Heat Transfer Coefficient and Coolant Output Temperature
Before Accounting for Heat Losses Due to Vaporization

However, this resultant temperature isn’t accounting for the heat loss due to phase change
across the jacket. As H2 changes from a liquid to a vapor occurs between the temperature
variation, we must also include this loss. This is shown through the changes of figure 4.9.
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Figure 4.9: Resultant Outlet Temperature of the Coolant from the Nozzle/Jacket Section of the
System With Accounting for the Vaporization Losses

Even though the temperatures across the wall vary drastically, we can see that the temperature
drop for the fluid across the section is actually rather small. This is mainly due to the
temperature drop due to vaporization and the limited length of heat transfer across the jacket.
This output temperature of the jacket will then succeed to the reactor portion of cooling, which
will occur at a much more substantial distance of 1.32m.

4.2 Reactor Cooling Section and Associated Heat Transfer
After exiting the jacket section we continue on to the larger and longer section of cooling
– the reactor/reflector section. (Our temperature out of the jacket will be the inlet temperature for
the reflector section) Here we are attempting to cool the beryllium reflectors used in the reactor
to reflect neutrons attempting to escape the core. This will increase performance of the reactor
and thus is necessary to protect from melting due to high temperatures within the reactor. The
geometry is exemplified further in figures 4.10 and 4.11. The interior section of the reactor is
where the heat is generated and moves radially outward toward the reflector section of the
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reactor. Here there are coolant channel holes placed throughout the 1.32m reactor to cool the
reflector. They can also be taken directly within the reflector. However the number of these
coolant channels and their diameter are of great variability. These variables can be changed
and can greatly alter the outlet temperature of our system; however a check must be set in
place to ensure that the area of our coolant channels does not exceed the area of the reflector
area. Thus, there is a limit to the diameter and number of these that can exist within the system.
Optimization here is the goal.

Figure 4.10: Reactor Geometry, Coolant Channel Representation, and Beryllium Reflectors
(cc: me)

For temperatures residing within the reactor to access our heat exchange, we can look
into figure 4.11. The temperature distribution follows more along the lines of a natural log curve.
However for simplicity sake, assumed linearity can be made. This will allow us to pinpoint based
on height what the temperature within the reactor should be. This along with the inlet and outlet
91

temperature of the reactor gathered from the experimental data, we can map out temperature
gradients within the reactor.
For the beryllium reflectors, luckily, the melting point of beryllium is also similar to that of
Inconel 718. Thus we can limit the temperature that the reflector can achieve to 1400K, as well.
This will allow us to pinpoint a place within the reactor to analyze up until – since once the
reactor temperature drops below 1400, we can stop the analysis as the reflector cannot exceed
that of the reactor temperature.

Figure 4.11: Cross-Sectional View of Heat Transfer and Inversion Point of the Reactor Core,
Beryllium Reflectors, and the Coolant Channels (cc: me)

As well, we can see that at a certain point within the reactor/reflector section the heat
transfer between the coolant channels and the reactor will invert – the reactor will begin to cool
the coolant channels. This is also calculated within the code. However, this will vary depending
on our input variables (number of coolant channels and their accompanying diameter). The
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number of coolant channels will also divert the mass flow across the system. This is shown in
figure 4.12 with all our input variables.

Figure 4.12: Reflector and Reflector Section Input Values and Geometry

As there are large temperature changes within the reactor section, we must split our
analysis into sections – 4 to be exact. This will allow for more accuracy, as within the coolant
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channels the variables are also dependent on temperature. From these sections we can gather
temperature out of the section, the heat flux, and the convective heat transfer coefficient
similarly to that of the jacket section. Section 1 is meant to establish a foothold for the analysis
within the reactor. These values are shown in table 4.1 and further within the code.

Table 4.1: Output Values for the Divided Sections of the Reactor/Reflector/Coolant Channel
System
Height (m)

Convective Heat
Transfer
Coefficient
(W/m^2*K)

Heat Flux (W)

Temperature
Out of Section
for the Coolant
(K)

Section 1

0.00001m

2525.8441

76.1234

27.6356

Section 2

0.221m

2525.7047

1.122*10^6

315.8772

Section 3

0.442m

4569.642

1.1233*10^6

808.6847

Section 4

0.665m

5781.3786

0*

1082.1748

*This is because it is taken at the point where the heat flux would be zero as the temperatures
would be equal between the reactor and the reflector.

With this specific number of coolant (500) and the specified radius (0.25 in) we gather our
output values here. This section will be analyzed further in the parametric analysis section as it
can be further optimized to gather a lower temperature gradient across the system. However,
first we can analyze our results from the initial system.

4.3 Results From Reactor Cooling and Notable Data
From our baseline system we have a combination that will allow for sufficient cooling to
our important systems so that melting does not occur. This is imperative so that we can ensure
our system maintains viability for long standing journeys for our nuclear propulsion vessels.
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From our values we can also gather important and notable data for this section and beyond.
Figure 4.13 highlights the major output values gathered from the analysis and will grant us a
solid baseline to do some parametric analysis through the changing of some input variables.

Figure 4.13: Resultant Data and Checks Throughout the Coolant System

Notable variables shown in figure 4.13 involve the total pressure drop across the entire
system, the pump power required to create such a system, the overall heat flux interaction, the
temperature out for the coolant, and the area ratio for the amount of coolant channels. From a
glance, 53% of the reflector section being holes, isn’t unreasonable. As well, the pump power
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for the turbopump is rather small, requiring a pump of less than a megawatt. An output
temperature of 1082K is a little high for the system, as it would hope to achieve a cooling on the
opposite end of 120K as to cycle through the inlet of the reactor and be sent out of the system.
However, our system assumes a single inlet and outlet for the coolant. Other designs show an
inlet loop from the turbopump gathering more 20K hydrogen, this could drastically lower our
values. As well, we can optimize our system for the number of coolant channels and their
diameter to drop this value to a more reasonable number to achieve the 120K inlet.
The total heat flux across the system being 7.4 MW is rather large, but not for a
thermonuclear system. This makes sense as there are rather large temperature differences
between the coolant channels and the reactor systems. However, these differences can be
analyzed further by tampering with our parameters and pushing our limits in the parametric
analysis.

4.4 Parametric Analysis and Tampering With the Limits of Our
System
Of our variables that can be changed to optimize our system, firstly we can change the
number of coolant channels and their diameter (for the reflector section). By making bigger
holes and fewer of them, specifically at a radius of 0.375 in and 100 channels, we actually see a
rather large drop in temperature. The temperature drops 400K and we see a drop in the
required pump power by 22%. This drops the required pump power to a very manageable 90
kW. The pressure drop of the system also increases by about 5000 Pa.
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Figure 4.14: Output Values by Changing the Radius to 0.375 inches and the Number of the
Coolant Channels to 100 (23.9362%)

Countrarily by contracting the radius to 0.125 inches and upping the number of coolant
channels to 1000, surprisingly, we see a larger temperature increase. The temperature rises by
about 400K and the pump power rises significantly, up by a factor of ten. As well, the total
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pressure drop across the system rises by a factor of 10. These are rather substantial and this
seems to be an issue of velocity through the holes.

Figure 4.15: Output Values by Changing the Radius to 0.125 inches and the Number of the
Coolant Channels to 1000 (26.5957%)
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By going back to the baseline radius and diameter, but changing and maximizing our
limit for our outside wall temperature to 1500K, we can analyze the effect.

Table 4.2 Temperature Out of the Reactor Section Based on Coolant Channel Number and
Their Accompanying Radius
Number of Coolant Channels
100
Radius of
the
Coolant
Channels
(in)

250

500

1000

1500

2000

2500

0.0625 1502.9K 1558.8K 1586.8K 1601.7K 1604.2K 1603.2K 1600.9K
in
0.125
in

1227.6K 1332.8K 1404.1K 1466.5K 1498.2K 1518.4K 1532.7K

0.25 in

875.3K

922.7K

1082.1K 1156.8K
* (@
900)

0.375
in

681.4K

788.0K

845.8K*
(@ 400)

*The values with the star are at a maximum number of coolant channels, because any more and
they exceed the total area of the reflector section.
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Figure 4.16: Temperature Out of the Reactor With Variable Number of Coolant Channels and
Their Associated Radius

Table 4.2 and figure 4.16 highlight the temperature out of the reactor through the changing of
the variable number of coolant channels and their radius. The reason that the number of coolant
channels doesn’t change the temperature as much is due to the assumption of crude geometry
within the reflector section. The placement is assumed to be halfway through the reflector. This
causes a limit through the number of coolant channels. In further analysis and optimization, this
should be corrected for greater accuracy, however for a first pass, this should work.
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Table 4.3: Pump Power Dependent on Number of Coolant Channels and Their Radius
Radius of the Coolant Channels
3/8 in

Number of
Coolant
Channels

1/4 in

1/8 in

1/16 in

100

89548 W

1097700 W

74567000 W 4002600000 W

250

25458 W

305330 W

19481000 W

940610000 W

400

13494 W

500

115140 W

6914600 W

306220000 W

900

50107 W

1000

2406500 W

97384000 W

1500

1285500 W

49284000 W

2000

820200 W

30251000 W

2500

577350 W

20660000 W

Along with the temperature we can analyze pump power required for the system and its
associated pressure drop across the system. As these are linked, we can see the smaller holes
and many of them actually cause a large spike in both the pressure drop and power required.
This results in a more optimal system having larger holes carry the heat away from the reflector
section.
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Figure 4.17: Pump Power Vs. Number of Coolant Channels and Their Associated Radius
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Table 4.4: Pressure Drop Across the System Vs. Number of Coolant Channel and Their Radius
Radius of the Coolant Channels
3/8 in

1/4 in

1/8 in

1/16 in

100 25692 Pa

211250 Pa

9225600 Pa

361260000 Pa

250 8909 Pa

53321 Pa

2141800 Pa

79109000 Pa

500

20385 Pa

703590 Pa

24716000 Pa

900

10253 Pa

1000

230330 Pa

7625700 Pa

1500

120230 Pa

3811400 Pa

2000

76198 Pa

2324600 Pa

2500

53788 Pa

1582100 Pa

400 6154 Pa

Number of
Coolant
Channels

Figure 4.18: Pressure Drop Across the System Vs. Number of Coolant Channels and Radius
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These values are slightly worrisome, as it would be expected for these values to drop off with
more of the coolant channels to be active in the system. This is due to a crude assessment of
coolant channel geometry half way through the reflector, on the reactor side. However it ended
in the contrary, as the larger the diameter of the coolant channels caused the largest drop and
the addition of the more coolant channels actually increased the temperature out of our coolant
channels. This could be due to more of the channels carrying away more of the heat and thus
result in larger output temperatures for the system. However, looking into this in the future, this
should be analyzed further but for now, the highest temperature is the one that should be
focused on, as the lower values falter more.
By increasing the allowable temperature of our system to push the limits of the melting
temperatures of the wall and the reflector, we can analyze our system shown in figure 4.19. We
find that our system becomes a little more manageable, as the pump power drops by about
13%, the temperature rises by about 80K, and the total heat flux drops 27%. This is a rather
worrisome one, as our system would be more manageable, but we would also be riding the line
of melting and ruining our system.
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Figure 4.19: Output Values by Changing the Wall Temperature Allowability to 1500K for Both
the Beryllium Reflector and the Inconel Wall

By increasing the nozzle length to 0.5 meters in the first section, we can see the
difference in heat transfer across the system. By extending our nozzle and allowing more pipe
length for heat transfer to occur, we increase the jacket outlet temperature by a significant
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amount, up to 100K. Congruently this also increases the output flux of the system by 3 MW.
This will force the pump to work slightly harder to cool our system, roughly 3 kW more. This
makes sense as there is more room for heat transfer to occur and more wall for the coolant to
attempt to prevent from melting.
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Figure 4.20: Output Values by Increasing the Nozzle Length to 0.5 Meters
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Figure 4.21: Output Values When Decreasing the Nozzle Length to 0.2 Meters

Finally, we analyze the differences that occur when decreasing the nozzle length to
0.2m. As shown with temperature out of the jacket. There is a slight issue in discounting the
vaporization heat. The issue is that the vaporization doesn’t occur within this length as the heat
exchange between the throat and the jacket isn’t large enough to push the temperature of the
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fluid to the point of vaporization. This shows that likely for future models, a caveat should be
added that this vaporization element would only occur when the heat exchange pushes the
temperature to the exact point in which it would occur. Conversely to the previous analysis,
there is less room for the heat transfer to occur so the overall heat flux drops and the pump
power drops.
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Chapter 5: Conclusion and Final Thoughts
“Curiosity is the essence of our existence.”
-

Gene Cernan

All of the analysis from chapter 1 showed us that the most likely source for the
foreseeable future revolves around our expansion of the fission and fusion powered rockets.
Specifically deuterium-helium 3 or lithium-helium 3 combinations for pulse blast fusion, with
mining operations for helium-3 on the moon or the dusty plasma fission fragment design for
fission reactors. With speeds between 0.1-0.5c, we have the capabilities of approaching our
new planet within the next 80-150 years.
Most likely, we could drop the weight of our solar sail vessel significantly by using them
as unmanned probes to scout our trek to our new planet, so we can gather data for our
preparations. As well, should we have a lot of time to scale our engineering and technological
advancements, we should look for our future vessels to be fueled by antimatter (pion) drives
and possibly warp fields. However, these are future possibilities and are not anywhere viable in
the foreseeable future.
Constructing these massive vessels will need to happen in space or on a lower gravity
station on the Moon or Mars. This is the first step that will need to be done. This can start
immediately as we currently have all the technology required to set up a moon base or a larger
space station. With reusable rockets and the new revival of the privatized space race, the price
per pound to send objects to space is dropping by the day. We can use these rockets for day to
day operations between Earth and our forward operating bases, loading materials and aiding in
construction. These can be fueled and funded by space mining operations with the asteroid belt.
There are many lucrative opportunities to be mined within the belt. 1943 Anteros is worth $5.57
trillion dollars and would also be useful with the materials within the asteroid (magnesium
silicate, aluminum, iron silicate, and more).
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With these materials and others from Earth, we would be able to construct our vessel on
our space station. Many variables need to be accounted for with our long term journey through
space. We must incorporate a sense of gravity, thermal shielding, and radiative shielding.
Learning the intense amount of unknowns and issues that arise when suspending humans in
zero-g for too long, (vision issues, muscle atrophy, bone density deterioration, and blood volume
loss) we must ensure our vessel maintains a sense of gravity. This can be done through either
constant acceleration at a rate of 9.81 m/s^2 or rotation to induce a centrifugal force comparable
to that of gravity on Earth. Personally I think a combination of the two would be ideal.

Figure 5.1: Artistic Rendition of What Our Vessel Could Potentially Look Like [cc: Felix Barthel
- Artstation]

We should create a central hub that will be vertically created with sections normally floating in
zero-g, but during pulse blast acceleration moments, we can have gravity in those sections.
Additionally we can incorporate rotating ring sections at lengths of 500m+ radius for sections
that will likely house our passengers for high occupancy sections. These rotating rings are
where our passengers will sleep and likely spend most of their time, so that their bodies don’t
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become too accustomed to a zero gravity environment. These rotating rings could also house
sections of our vessel that are more imperative to incorporating gravity. Elevators (with seats)
will be incorporated between the rotating sections and the central hub. This central hub will be
for sections where gravity is non-essential and likely where the bridge and propulsion core will
be.
Our vessel will be constructed in a multilayer fashion to protect us from multiple
dangerous scenarios. Our outer layer will likely be a steel-aluminum mixture painted white to
ensure a low IR emissivity and tape to ensure minimal thermal losses – our goal is to keep the
interior insulated from the exterior. Then a middle layer insulated with Kevlar to protect us from
high energy radiation. With a possible mixture of carbon-fiber based composites for the interior
to ensure low conduction between the interior environment and the exterior environment, as well
as radiative protection. Certain sections of the vessel – likely the sleeping quarters – will utilize
active radiation shielding technologies with toroidal superconductors to create a magnetic field
around areas that have high traffic. These will employ extra radiative shielding along with our
passive measures. Additional active and passive measures will be utilized in every area
possible, including heaters, cryocoolers, thermoelectric coolers, fluid loops, MLI materials and
blanket fabrication, thermal straps, thermal interface materials and conductive gaskets, sun
shields, thermal louvers, and deployable radiators. These will try to counteract all conductive
and radiative heat transfer.
Unfortunately, we will likely have to be aboard our vessel for multiple generations. This
will force our creation of our vessel to incorporate plans for sustainability. We must create our
ark with farming, animal husbandry, and maternity capabilities. This will require unique standing
and creation for our vessel with specialties in mind. We would likely use electrolysis to create
our oxygen, our animals to help create our nitrogen, and fish to create algae and protein for us.
Farming section will likely be incorporated into each area of our vessel to maximize our farming
output and our oxygen creation. Many of our mined asteroids will also house large portions of
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their rock in water ice. This will be used for our needs as well. Special sections will also need to
be created to blow off steam and create a habitable environment – recreational centers, bars,
and nightlife will need to be incorporated for psychological well-being.
The advancement of current models for nuclear propelled rockets is important and rather
challenging. Those back in the day that created the Peewee rocket back in the NERVA program
didn’t even have the technology to model these parameters. The advancement of these models
is imperative and enhancing the secondary modeling portion for this paper/code does so. When
going on these long journeys we must ensure the longevity of the material present, as our
access to them would be rather challenging to gather after taking off. Thus, through ensuring
that our turbopump can maintain flow to balance the coolant through the system, we can create
a system free from melting our materials. Ideally, we should create larger channels to cool the
reactor to protect the beryllium (in the range of 0.25in-0.375in). The output temperature (at the
midway point of the reactor) falls within the range of 1100K-600K depending on the coolant
channel size. This is based on a system with a single loop for the coolant. In other designs there
is an additional input loop from the 20K system, this could add additional cooling to bring down
our system to the final goal of 120K at the entrance of the reactor. The turbopump for these
vessels would seem to be rather powerful, but in the scale of the system it doesn’t require
anything outlandish. The overall pump power required for the system tends to stay below a few
megawatts. For the overall system the coolant channels have to divert roughly 7.4 MW of heat
flux. This is achievable with the system parameters of a 1400K lock to the wall and beryllium
reflectors. Challenging, but manageable in the grand scheme of things.
All in all, this will be a massive and daunting engineering feat, but the groundwork is laid
out before us. We have answers to all the questions that must be asked and for those we don't,
we have begun the studies required to answer the data that lay in question. If our civilization
truly put our mind to it, we could be a multiplanetary and multi-stellar race. We just need to take
the first steps toward achieving our potential. The galaxy lay before us, waiting for us to explore.
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